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Abstract 
If we are to avoid potentially dangerous climate change, we need to capture and store 
CO2 emitted by fossil-fuel burning power stations and other industrial plants [123].  
Saline aquifers provide the largest potential for storage and the widest geographical 
spread [66].  Subsequent leakage of CO2 into the atmosphere, even over hundreds of 
years, would render any sequestration scheme inefficient.  However, based on the 
experience of the oil and gas industry, there is a good understanding of trapping 
mechanisms that take place in geological formations. 
 
Carbon capture and storage (CCS), where carbon dioxide, CO2, is collected from 
industrial sources and injected underground is one way to mitigate atmospheric 
emissions of this major greenhouse gas (GHG).  Possible sites to accommodate CO2 
storage are saline aquifers and oil reservoirs.  These two types of location are 
considered for two reasons: the enormous storage potential in aquifers and the 
additional hydrocarbon production that could be produced by oil reservoirs.  It is 
important that the injection scheme is designed such that the CO2 is safely stored and 
will not escape to the surface.  Residual trapping offers a potentially quick and effective 
alternative method by which a non-wetting phase is rendered immobile as recent 
modelling has suggested that up to 90% of CO2 can be effectively immobilised by 
residual trapping in a short (years to decades) timescale [133]. 
 
There are only a few experimental measurements of capillary trapping in 
unconsolidated media in the literature.  This is because the experimental measurements 
of multi-phase flow are extremely difficult to perform and the results are frequently not 
reliable at low saturations [119].  Most of the studies concentrate on trapped gas and 
rather than the residual saturation of a liquid phase: CO2 stored underground will be 
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super-critical and liquid-like.  In this work, we focus on measuring reliably and precisely 
residual saturations for both two- and three-phase flow covering the entire saturation 
range, including very low residual saturations. 
 
We performed drainage-imbibition and buoyancy-driven experiments for two-phase 
flow (oil-water and gas-water systems) and three-phase gravity drainage experiments 
for an oil-gas-water system on unconsolidated sand (LV60).   
 
The measured porosity of the sand was 0.37 obtained from three replicates (each 
replicate is a completely new experiment).  The mean absolute permeability was 3.1 x 
10
-11
 m
2
.  The initial water saturation (Swi), residual oil saturation (Sor) and residual gas 
saturation (Sgr) were measured by two methods, namely mass balance (MB) and volume 
balance (VB).  Mean values were 0.27 for Swi, 0.13 for Sor, and 0.14 for Sgr.  Accuracy was 
maintained to be within 0.1% for every measurement. 
 
The buoyancy-driven experiments results show that Sor and Sgr are 11% and 14% 
respectively and generally lower than consolidated media.  The trapped saturations 
initially rise linearly with initial saturation to a maximum value, followed by a constant 
residual as the initial saturation increases further.  This behaviour is not predicted by the 
most commonly-used empirical models, but is physically consistent with poorly 
consolidated media where most of the larger pores can easily be invaded at relatively 
low saturation and there is, overall, relatively little trapping.  The best match to our 
experimental data was achieved with the trapping model proposed by Aissaoui [2]. 
 
The three-phase gravity drainage experiments results show that for high initial gas 
saturations more gas can be trapped in the presence of oil than in a two-phase (gas-
water) system.  This is unlike previous measurements on consolidated media, where the 
trapped gas saturation is either similar or lower to that reached in an equivalent two-
phase experiment.  The maximum residual gas saturation is over 20%, compared to 14% 
for two-phase flow.  For lower initial gas saturation, the amount of trapping follows the 
initial-residual trend seen in two-phase experiments, although some values lie below the 
two-phase correlation  These results are discussed in relation to pore-scale 
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displacement processes and compared to literature values – mainly on consolidated 
media – that find that both gas and oil residuals are lower in three-phase than two-
phase flow [32, 52, 70, 81, 95, 97, 101, 108, 143-145].   
 
This work implies that CO2 injection in poorly consolidated media would lead to rather 
poor storage efficiencies, with at most 4-6% of the rock volume occupied by trapped 
CO2; this is at the lower end of the compilation of literature results shown in Fig. 5.2.  
Using the Land correlation to predict the behaviour would tend to over-estimate the 
degree of trapping except for high initial saturations.  The presence of a third phase 
(such as in an oil field, for instance) may improve the trapping efficiency. 
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Figure  6.9:  Experiment 1: 17 hour drainage time.  The residual saturation profiles 
from Fig. 6.8 are compiled and presented on a single graph: the residual 
saturation of oil or gas is plotted as a function of the corresponding initial 
saturation; also shown is the total trapped saturation as a function of 
initial hydrocarbon (oil+gas) saturation.---------------------------------------- 133 
Figure  6.10: Experiment 2: 2 hour drainage time.  The lines to the left show three Swi 
replicates (blue) and three Soi replicates (red), while the lines to the right 
show three Sgi replicates (brown) for the initial conditions. --------------- 134 
Figure  6.11: Experiment 2: 2 hour drainage time.  The lines to the left show three Sor 
replicates (red) and three Sgr replicates (brown), while the lines to the 
right show three Swi replicates (blue) for the saturations after 
waterflooding. ------------------------------------------------------------------------ 135 
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Figure  6.12:  Experiment 2: 2 hour drainage time.  Residual saturation profiles.  (a) 
Residual gas saturation Sgr versus initial gas saturation Sgi.  (b) Residual oil 
saturation Sor versus initial oil saturation Soi.  (c) Residual oil saturation Sor 
versus initial gas saturation Sgi.  (d) Residual oil saturation Sor versus 
residual gas saturation Sgr.  (e) The total residual saturation of oil and gas 
Snt is plotted as a function of the total initial non-wetting phase saturation 
Sni. --------------------------------------------------------------------------------------- 136 
Figure  6.13:  Experiment 2: 2 hour drainage time.  The residual saturation profiles from 
Fig. 6.12 are compiled and presented on a single graph: the residual 
saturation of oil or gas is plotted as a function of the corresponding initial 
saturation; also shown is the total trapped saturation as a function of 
initial hydrocarbon (oil+gas) saturation.---------------------------------------- 137 
Figure  6.14: Experiment 3: 30 minute drainage time.  The lines to the left from bottom 
show two Swi replicates (blue) and two Soi replicates (red), while the lines 
to the right from bottom show two Sgi replicates (brown) for the initial 
conditions. ----------------------------------------------------------------------------- 138 
Figure  6.15: Experiment 3: 30 minute drainage time.  The lines to the left show two Sor 
replicates (red) and two Sgr replicates (brown), while the lines to the right 
show two Sw replicates (blue) for the saturations after waterflooding. ------
------------------------------------------------------------------------------------------- 139 
Figure  6.16:  Experiment 3: 30 minute drainage time.  Residual saturation profiles.  (a) 
Residual gas saturation Sgr versus initial gas saturation Sgi.  (b) Residual oil 
saturation Sor versus initial oil saturation Soi.  (c) Residual oil saturation Sor 
versus initial gas saturation Sgi.  (d) Residual oil saturation Sor versus 
residual gas saturation Sgr.  (e) The total residual saturation of oil and gas 
Snt is plotted as a function of the total initial non-wetting phase saturation 
Sni. --------------------------------------------------------------------------------------- 140 
Figure  6.17: Experiment 3: 30 minute drainage time.  The residual saturation profiles 
from Fig. 6.16 are compiled and presented on a single graph: the residual 
saturation of oil or gas is plotted as a function of the corresponding initial 
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saturation; also shown is the total trapped saturation as a function of 
initial hydrocarbon (oil+gas) saturation.---------------------------------------- 141 
Figure  6.18: Experiment 4: 2 hour drainage time.  The lines to the left show two Sor 
replicates (red) and two Sgr replicates (brown), while the lines to the right 
show two Sw replicates (blue) for the residual conditions.  The dashed 
lines represent the 0.5 mL/min flow rate and the solid lines represent the 
5 mL/min flow rate. ----------------------------------------------------------------- 142 
Figure  6.19: Experiment 4: 2 hour drainage time.  Flow rates of 5 mL/min and 0.5 
mL/min were used for both the initial injection of oil and the final 
injection of water.  The error bars indicate the accuracy of the results of 
the residual non-wetting phase saturation Sgr versus the initial non-
wetting phase saturations Sgi.----------------------------------------------------- 142 
Figure  6.20: Our results compared to the database of residual gas saturation Sgr versus 
initial non-wetting phase saturation Sgi in the literature. ------------------ 143 
Figure  6.21: Our results compared to the database of trapping capacity φSgr versus 
initial gas saturation Sgi in the literature.--------------------------------------- 144 
Figure  6.22: Residual gas saturation profiles.  The saturation profiles are compiled 
from residual gas saturation Sgr versus initial gas saturations Sgi. -------------
------------------------------------------------------------------------------------------- 144 
Figure  6.23: Residual oil saturation as a function of initial saturation.  The saturation 
profiles are compiled from residual oil saturation Sor versus initial oil 
saturation Soi graphs for each drainage time. --------------------------------- 145 
Figure  6.24: Total residual saturation as a function of initial non-wetting phase 
(oil+gas) saturation.  The saturation profiles are compiled from total 
residual oil and gas saturation Snt versus initial oil and saturations Sni for 
each drainage time. ----------------------------------------------------------------- 146 
Figure  6.25: Residual saturation profiles.  The saturation profiles are compiled from 
residual oil saturation Sor versus initial gas saturation Sgi graphs for each 
drainage time. ------------------------------------------------------------------------ 147 
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Figure  6.26: Residual saturation profiles.  The saturation profiles are compiled from 
residual oil saturation Sor versus residual gas saturation Sgr graphs for each 
drainage time. ------------------------------------------------------------------------ 147 
Figure  6.27: Comparison between our two- and three-phase experimental data.  The 
saturation profiles are compiled from residual gas saturation Sgr versus 
initial gas saturation Sgi graphs for each drainage time.  The lines show our 
water-gas system experimental data (Chapter 5). --------------------------- 148 
Figure  6.28: Comparison between our two- and three-phase experimental data.  The 
saturation profiles are compiled from residual oil saturation Sor versus 
initial oil saturation Soi graphs for each drainage time.  The lines show our 
water-oil system experimental data (Chapter 5). ---------------------------- 149 
Figure A. 1:  Engineering sketch of the Polymethylmethacrylate column used for the 
experimental sand pack.  Distances are indicated in mm.------------------ 176 
Figure A.2:  Engineering sketch of end cap used for the experimental sand pack.--------
------------------------------------------------------------------------------------------- 177 
Figure A. 3: Engineering sketch of injection point and column. -------------------------- 177 
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Chapter 1  
 
Introduction 
Carbon capture and storage (CCS), where carbon dioxide (CO2) is collected from 
industrial sources and injected underground is one technique to mitigate atmospheric 
emissions of greenhouse gases (GHG).  Increasing concentrations of CO2 and other 
greenhouse gases, such as methane (CH4), hydrogen sulphide (H2S) and nitrous oxide 
(N2O), could lead to significant climate warming and weather changes with serious 
consequences for everyone on earth [26, 77].  The real challenge in mitigating the 
climate change effects is the reduction of CO2 emissions to the atmosphere [17].  CCS is 
one technology that could play an important role in these efforts [15, 76].  Saline 
aquifers and oil reservoirs are the two principal types of site considered for CO2 storage 
for two reasons: the enormous storage potential in aquifers and the additional 
hydrocarbon production that could be produced by oil reservoirs.  It is important that 
the injection scheme is designed such that the CO2 is safely stored and will not escape to 
the surface. 
 
The quickest and most effective way to render the CO2 immobile is through capillary 
trapping [67, 68, 87, 88, 100, 120, 133, 136, 146]; residual saturation and buoyancy-
driven flow plays a crucial role in the geological storage of CO2 [78].  Residual or capillary 
trapping, where the non-wetting phase within the pore space of the rock displaces the 
wetting phase, is a possible way in which the injected fluid becomes immobile and is 
safely stored.  For the petroleum industry, when CO2 is injected into oil fields, the more 
important consideration is how much oil can be recovered by gas injection which is 
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controlled by the residual oil saturation [21].  In this work, we focus on CO2 capillary 
trapping in aquifers and oilfields through analogue laboratory experiments.  
 
In the literature, there is a large body of data on trapping applied to waterflooding oil 
reservoirs [92].  Nevertheless, the upward movement of CO2 under gravity involves 
subtle processes that are not completely understood.  While there are empirical models 
that predict gas trapping as a function of the maximum gas saturation reached, it is not 
clear that this model can be applied reliably for slow gravity-dominated displacements 
encountered during CO2 storage [104].  In oil reservoirs, the presence of multi-phase 
fluids make the situation more complex as it is not known how much gas is trapped in 
the presence of both oil and water.  However theoretical modelling of CO2 transport is 
ongoing and has highlighted the potential of capillary trapping.  Few experimental 
researchers have studied trapping experimentally for two-phase flow (oil-water and gas-
water) and three-phase flow (oil-gas-water).  That is because the experimental 
measurements of multi-phase flow are extremely difficult to perform and the results are 
frequently not reliable at low saturations [119].  Most of the studies concentrate on 
trapped gas rather than residual oil saturation.  In this work, we focus on measuring 
reliably and precisely the residual saturations for both two-phase and three-phase flow 
covering the entire saturation range, including very low residual saturations. 
 
The research presented is an experimental investigation of trapping and flow in 
conditions representative of CO2 storage.  There were two phases for this research: 
phase I involved two-phase flow experiments, while phase II considered three-phase 
flow. 
 
Phase I was a series of laboratory experiments of two-phase (oil-water and gas-water 
systems) flow in sand columns.  Two displacement processes were conducted in phase I.  
First, drainage-imbibition experiments on an oil-water system were performed to 
measure the trapped residual oil saturation (Sor) for sand grade LV60.  Secondly, 
buoyancy-driven experiments on oil-water and gas-water systems were conducted for 
LV60 to obtain the residual gas saturation (Sgr).  Buoyancy-driven flow and displacement 
were studied with saturations measured by volume balance (VB) and mass balance (MB) 
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for the preliminary results, and VB, MB and Gas Chromatography (GC) for the oil-water 
system.  MB was used for the gas-water system.  Three replicates were performed for 
each experiment to assess reproducibility; for each replicate, a new sand column was 
packed.  Porosity, permeability and saturations were measured with high 
reproducibility. 
 
Phase II was a set of three-phase flow gravity drainage experiments.  The three-phase 
experiments were performed to study the trapping mechanisms and to obtain residual 
oil saturation and residual gas saturation profiles.  GC and MB in combination were used 
to measure saturations as low as 0.1%.  GC provides an accurate and sensitive 
measurement of fluid saturations [138].  Micro-CT scanning (μ-CT) measurements were 
also used to image the pore space of LV60. 
 
For phases I and II, more than one hundred and fifty replicates were performed in total. 
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Chapter 2  
 
Literature review of CO2 capture and 
storage and possible storage sites  
2.1 Introduction 
Greenhouse gas (GHG) emissions have become a threat for the earth and modern 
society by means of global warming.  Among others, a major greenhouse gas, CO2, has 
been identified as the major contributor in terms of rising average surface temperature 
of the earth.  To overcome these concerns, society will need to make drastic reductions 
in GHG emissions of CO2 and to expedite the implementation of strategies to reduce 
emissions [79].  Carbon capture and storage (CCS) is a promising option.  This chapter 
will review options for the geological storage of CO2 into underground systems and an 
overview of the current CO2 storage sites worldwide.  
2.1.1 Greenhouse gases and global warming 
There is growing concern over industrial emissions of CO2 to the atmosphere and its 
consequent impact on climate and ocean acidification. Many studies have reported that 
the average surface of earth’s temperature has increased 0.3-0.6 ± 0.2 °C during the last 
century as shown in Fig. 2.1 [75, 132, 133].  The increase of the global temperature is 
expected to cause sea level rise, an increase in the intensity of extreme weather events, 
and significant changes to the amount and pattern of precipitation.  Moreover, the 
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acidity of the fluid phase generated by the reaction of the dissolved CO2 with water will 
increase ocean acidification [69].  
 
Figure  2.1: Recorded global average temperatures as compiled by the Climate 
Research Unit of the University of East Anglia and the Hadley Centre of 
the UK Meteorological Office [77]. 
Human activity since the industrial revolution has increased the concentrations of 
greenhouse gases which may have led to a significant increase in the atmospheric 
temperature [14]. CO2 contributes 70% of the extra global warming due to GHGs, see 
Fig. 2.2.  CO2 is known to be a major anthropogenic greenhouse gas because it is 
generated by the burning of fossil fuels [9]. 
 
Figure  2.2: The contribution of different greenhouses gases to global warming; CO2 is 
a major anthropogenic contributor [139]. 
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CO2 is produced in many industrial processes, such as refining and cement manufacture.  
Furthermore, and most significantly, more than 80% of the world’s current energy 
consumption comes from the use of fossil fuels.  This is likely to continue well into this 
century.  Fig. 2.3 shows that approximately 315 billion tons of CO2 have been released to 
the atmosphere from burning fossil fuels and other sources since 1751.  Fossil fuel 
burning during the past 20 years has accounted for around three-quarters of human-
made CO2 emissions [139]. 
 
Figure  2.3: Trends in carbon emission for the period 1750-2000 [112]. 
 
Therefore, one of the most promising strategies put forward to mitigate the volume of 
CO2 emissions into the atmosphere is carbon capture and storage, since it tackles 
emissions from large point sources of CO2 directly. 
2.1.2 Carbon capture and storage  
An option proposed to reduce atmospheric emissions of CO2, and to mitigate global 
climate change, is carbon capture and storage.  CCS is a process which captures and 
removes CO2 from industrial sources by storing it permanently underground in porous 
rock or the oceans [67, 172]. 
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CO2 capture can be applied to a large array of sources (fossil fuels, carbon emitting 
industries, and natural gas production).  Approximately  85-95% of the CO2 is captured 
processed in a capture plant, see Fig. 2.4 [76].  CO2 is then compressed and transported 
for storage.  Potential storage options are depleted oil and gas fields and deep saline 
aquifers and ocean storage [76].  The overall effectiveness of CCS in terms of CO2 
emissions avoided is shown in Fig. 2.4. 
 
Figure  2.4: CO2 capture and storage from power plants.  The increased CO2 
production results from the loss in overall efficiency of power plants 
[158]. 
 
Although the oceans could be a possible site for CO2 storage, because it is a large 
potential CO2 sink, sequestration involves many physical and chemical issues and is 
poorly understood.  There are two categories in the concept of the ocean storage; 
dissolution type and lake type have been proposed and both are still being investigated.  
For the dissolution type, the CO2 quickly dissolves in the ocean water whereas in lake 
type, the CO2 is initially a liquid on the sea floor as shown in Fig. 2.5 [76].  The problem 
with this storage is that dissolution of CO2 in the oceans makes it more acidic with 
serious ecological consequences, whereas lake-type injection is only possible for very 
deep injection – below around 3 km.  Therefore, geological formations are regarded as 
the most viable and environmentally acceptable storage option [46].   
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Figure  2.5: Overview of ocean storage concepts; dissolution type and lake type [76]. 
 
However, there are number of economic, legal and technological barriers to CCS 
deployment [74].  No UK and EU incentives for CCS projects currently exist.  Traded 
carbon prices are currently generally too low to make CCS viable and highly unstable, 
while CCS investments will require high and stable long-term carbon pricing.  No trading 
mechanism exists to allow CCS projects to benefit from trading emissions.  No regulatory 
regime exists for the CCS chain.  Therefore, the lack of incentives and regulatory regimes 
are the key barriers to the widespread implementation of CCS.   
2.2 Geological storage of CO2  
Geological storage of CO2 is considered to be the most practical option at present for 
preventing atmospheric emissions from large industrial sources.  The potential for 
storage of CO2 is huge and many CO2 storage projects are planned or underway – see 
section 2.3.  Therefore, sequestration of CO2 in oil and gas reservoirs and deep saline 
aquifers is potentially a viable option to mitigate global warming [6-9, 11, 12, 69].  
 
The volume of oil currently produced worldwide would be similar to the volume of CO2 
injected if several Gt ( 1 Gt = 109 tonnes = 1012 kg) of CO2 per year were captured and 
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stored underground [124].  The total amount of CO2 discharged globally is close to 20-30 
Gt carbon dioxide/year [77], so this would be just one option to reduce greenhouse gas 
emissions – the others could include renewable energy, increased energy efficiency and 
nuclear power. 
 
Possible sites to store CO2 in geological media include deep saline aquifers, coal beds, 
depleted oil and gas reservoirs, enhanced oil recovery and salt caverns [76, 94, 99, 100, 
112, 114, 123, 132, 133, 139].  Fig. 2.6 illustrates the most popular available geological 
sites. 
 
Figure  2.6: Methods for storing CO2 in deep underground formations [76]. 
 
2.2.1 Determination of geothermal and pressure regimes 
Disposal and long-term storage of CO2 into depleted hydrocarbon reservoirs or deep 
saline aquifers require supercritical CO2 conditions to avoid the effects of CO2 separation 
into liquid and gas in the injection process [14, 47, 79].  The critical point of CO2 is at a 
temperature of 31.04 °C, a pressure of 7.38 MPa, which corresponds to depths of 
around 800 to 850 m [132].  As such the supercritical CO2 will be much denser than it is 
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at atmospheric conditions as illustrated in Fig. 2.7.  Typical density in formations of 
greater than 800 m depth is in the range 500-900 kgm
-3
. 
 
Figure  2.7:  CO2 density and viscosity at subsurface conditions. It is assumed that the 
surface temperature is 15 °C and increases by 30 °C for each km increases 
in depth, while pressure increases by 10 MPa/km [49]. 
 
In addition to this, CO2 at supercritical conditions is non-polar, slightly-to-moderately 
soluble in water, and a very good solvent for organic compounds, such as oil [69].  Thus, 
Kumar et al. [100] suggested injecting CO2 into the bottom of an aquifer.  Once the 
injected CO2 rises upward toward the top seal rock, it will leave behind residual 
saturation.  That displacement process, if properly designed, will trap the CO2 beneath 
the cap-rock.  It may also be dissolved in the brine before it reaches the top seal.  
 
Strategies for CO2 sequestration should depend on the geothermal and pressure 
regimes in depleted oil and gas reservoirs and deep saline aquifers [11].  It is necessary 
to investigate the pressure profile along the top of each candidate aquifer and oil and 
gas reservoir.  The pressure distribution indicates the physical state of the injected CO2.  
Bachu [9] showed the supercritical conditions and the variation of CO2 density as a 
function of temperature and pressure at hydrostatic and lithostatic pressure conditions 
as shown in Fig. 2.8. 
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Figure  2.8:  Variation of CO2 density as a function of temperature and pressure 
assuming hydrostatic and lithostatic pressure conditions [9]. 
2.2.2 Hydrocarbon displacement  
Displacement processes in reservoirs are present when one phase displaces another in 
two-phase flow or three-phase flow.  In three-phase (oil, water and gas) flow there are 
six possible displacements: oil displacing water or gas, water displacing oil or gas, and 
gas displacing oil or water [88, 151]. 
 
Fluid displacements in oil and gas reservoirs and deep saline aquifers occur over lengths 
of several kilometres.  Viscous forces, buoyancy forces, and geological heterogeneity of 
the media control the behaviour at the large scale [19].  
 
CO2 at supercritical conditions reduces the oil viscosity and the interfacial tension [69].  
Because of that, it is widely used worldwide to increase oil mobility and may displace 
more than 40 percent of the residual oil left in reservoirs after primary production and 
waterflooding in enhanced oil recovery (EOR) operations [20].  In addition, it has been 
suggested that the presence of trapped gas should improve the EOR efficiency during 
waterflooding by reducing the residual oil saturation [92].  
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2.2.2.1 Storage in depleted hydrocarbon reservoirs 
Permanent storage of CO2 in oil and gas fields is one attractive sequestration option.  
These strata have trapped hydrocarbon fluids for long periods [86].  Thus, they are 
considered to be a good trap for CO2 assuming that the original reservoir pressure is not 
exceeded and that the CO2 does not react with the cap-rock [46].  
 
In addition, hydrocarbon fields already have a pipeline and injection infrastructure.  
Most importantly though, CO2 injection can lead to enhanced oil or gas recovery, 
providing an economic benefit to the project [172].  
 
EOR is the motivation of most ongoing projects as CO2 is a very good solvent that can 
allow multi-contact miscible displacements [69].  The limited number of projects that 
use CO2 worldwide is principally due to cost and supply constraints.  If the cost of CO2 
capture was lowered and some financial incentive was in place to encourage its injection 
underground, CO2 EOR would be applied to many oil reservoirs worldwide [123]. 
 
While the extra oil recovered from EOR is an economic benefit, it is misleading to 
consider this green oil production, since CO2 is released when the oil is burnt.  However, 
disposal of CO2 in gas reservoirs has an advantage that the CO2 production from CH4 
oxidation could be stored in the same reservoirs with room to spare at the same 
temperature and pressure [123]. 
2.2.2.2 Storage in deep saline aquifers 
Deep saline aquifers have the largest potential for CO2 sequestration [66].  Transporting 
the CO2 into oil or gas reservoirs has an associated cost and so it may be more economic 
in some cases to take advantage of using deep saline aquifers for CO2 sequestration that 
underlies a major CO2 source [14].  Deep aquifers have a large storage large potential; 
nonetheless there is simply a cost associated with injection with no economic benefit 
from enhanced hydrocarbon production [6, 7].   
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The processes of CO2 injection and migration within porous media, and the 
sequestration of CO2 in the pore space depend on the relative permeability of CO2, the 
formation water system and the character of the CO2-brine capillary pressure.  However, 
recent studies show no evidence, particularly in deep saline aquifers, of relevant 
published data regarding these systems at in-situ conditions [15].   
 
The most attractive aquifers that will allow large volumes to be stored without a large 
resultant increase in pressure have a large volume, reasonable thickness and 
permeability, and good pressure communication over distance [123].  The technology 
for CO2 injection in aquifers is already established and relatively easy to use [11]. 
2.3 Existing and planned CO2 projects 
The first proposal to store CO2 in geological formations was released in the late 1970s 
[69].  Slow progress has been made since the 1990s  when the first storage projects 
were started [17].  Many storage projects in different locations worldwide are now in 
operation, such as the Sleipner project in the North Sea in Norway, the Weyburn project 
in Canada, and the In Salah project in Algeria [159, 169, 170].  Table 2.1 and Fig. 2.9 
summarize the rate of sequestration of these three industrial projects and the active 
and planned CO2 projects worldwide respectively [139]. 
Project Name Date of Production Sequestration Rate 
Sleipner Since 1996 1 million tonne CO2/year 
Weyburn Since 2000 500,000 + tonne CO2/year 
In Salah Since 2004 1.2 million tonne CO2/year 
Table  2.1: Storage rates of three industrial-scale CO2 sequestration projects; one in 
Norway, one in Canada and one in Algeria [139]. 
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Figure  2.9:  Location of sites where activities relevant to CO2 storage are planned or 
underway [76, 139]. 
 
2.3.1 Sleipner Project 
The first successful CO2 sequestration in the North Sea is the Sleipner field off the 
Norwegian coast, shown in Fig. 2.10.  Production from the Sleipner gas field was started 
on October 1, 1996.  It is estimated to be in production until year 2022 [94].  The 
Sleipner project removes approximately 1 million tonnes CO2 per year and injects it into 
a sand layer called the Utsira formation.  CO2 has been stored successfully for the last 12 
years without any significant operational problems.  This project proves that the storage 
of CO2 is feasible and economically attractive (this avoid Norwegian carbon tax) as no 
incident of CO2 leakage has been observed in the capture plant or in the injection wells 
[76, 94, 133, 139, 159, 169, 170]. 
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Figure  2.10: Schematic of the Sleipner CO2 storage project. Inset: location and extent 
of the Utsira formation [76, 139]. 
2.3.2 Weyburn Project 
The Canadian Weyburn field is located in the northern part of the Williston Basin in 
Saskatchewan, Canada, shown in Fig. 2.11.  It is operated by EnCana and was the study 
site for the Reservoir Characterization Project, RCP.  RCP is a major project that has 
conducted a time-lapse seismic survey in a section of the field.  The field has different 
development phases.  There are two important units; the upper unit is called Marly and 
the lower zone is called Vuggy. Marly and Vuggy formations have dolomite and 
limestone respectively [110, 169]. 
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Figure  2.11:  Location of the Weyburn field and the CO2 pipeline from North Dakota 
[139].  The CO2 pipelines is 205 miles from Dakota Gasification Company 
to the GoodWater Unit, which is part of EnCana’s Weyburn oil field [71]. 
 
CO2 injection is implemented to displace the oil remaining after waterflooding.  The 
study was carried out to test CO2 storage for both enhanced oil recovery (EOR) and 
storage [170].  
 
The Weyburn project doubled the oil production rate of the field and has stored five 
million tonnes of CO2 so far.  Fig. 2.12 shows the EOR performance of Weyburn field.  It 
is also a good example proving that oil reservoirs are attractive candidates for 
subsurface CO2 storage [110]. 
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Figure  2.12:  CO2 EOR performance in Weyburn [139]. 
2.3.3 In Salah Project 
Another CCS project already in operation is in Algeria.  British Petroleum and Statoil 
started the In Salah CO2 injection project in June, 2004.  This project consists of a phased 
development of eight gas fields in the Algerian Central Sahara as shown in Fig. 2.13 
[135].  CO2 removed from the produced gas is injected into a nearby saline aquifer, 
which provides storage of 1.2 million tonnes per year [139]. 
 
Figure  2.13:  Schematic of the In Salah gas project [76, 139]. 
  42 
2.4 Summary 
After reviewing the options for the geological storage of CO2 into underground systems 
and having an overview of the storage sites worldwide, it is noticeable that depleted oil 
and gas reservoirs and deep aquifers are the most appealing geological storage sites for 
CO2 sequestration.  CCS is an important process and should be a part of any effort to 
mitigate emissions of CO2 into the atmosphere.  However, lack of incentives and 
regulatory regimes are key barriers that need to be overcome.   
 
A clear understanding of the transport and long-term fate of injected CO2 is necessary 
design injection such that it permanently remains trapped underground.  CO2 can 
remain trapped beneath cap-rock.  The sealing capacity of the cap-rock depends on the 
entry capillary pressure, which itself is a function of the interfacial tension (IFT) and 
contact angle.  While oil and gas has been retained in hydrocarbon reservoirs over 
geological times, it is not evident that all cap-rocks will contain CO2 safely, since the 
interfacial tension may be lower and the contact angle higher, implying a lower entry 
pressure. Furthermore, the CO2 in solution could react with the cap-rock, eroding escape 
paths [36].   
 
CO2 could also possibly escape back up through the well after injection has ceased.  The 
CO2 could laterally migrate up dip within the formation and if the structure eventually 
out crops at the surface the CO2 may eventually leak back into the atmosphere.  Also, if 
the injection pressure is high, fracturing of the cap rock could be an issue. 
 
There is one storage mechanism that avoids these problems: the CO2 is trapped as 
residual saturation in pore-scale droplets.  This process, called capillary trapping, is the 
quickest and most effective way to render the CO2 immobile [67, 68, 87, 88, 100, 120, 
133, 136, 146], where the non-wetting phase within the pore space of the rock is 
trapped during water displacement, as would occur during natural groundwater flow or 
at the trailing edge of a rising CO2 plume.  Several simulation studies have emphasized 
the importance of this mechanism for CO2 storage [25, 50, 120]; capillary trapping can 
be enhanced by water injection [88] and it is possible to design injection to maximize 
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trapping [133].  For the petroleum industry, when CO2 is injected into oil fields, an 
important consideration is how much oil can be recovered by gas injection which is 
controlled by the residual oil saturation [21], while, again, the amount of trapped CO2 
will determine storage efficiency.  
 
Having established the importance of this process, Chapter 3 provides a literature 
review of trapping mechanisms and previous experimental studies on residual 
saturation.  
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Chapter 3  
 
Importance of capillary trapping 
3.1 Introduction 
As discussed in the previous chapter, geological formations including saline aquifers are 
able to accommodate the current levels of CO2 emissions for many decades [70, 76, 
151].  While the CO2 can be captured and stored underground, there is no guarantee of 
the presence of a cap-rock that can seal the CO2 against leakage.  Theoretically, 
however, CO2 can be trapped underground for hundreds to thousands of years.   
 
In the literature, there is a large body of data on trapping applied to waterflooding oil 
and gas reservoirs [32, 83, 97, 101, 144].  In addition there are empirical models that 
predict gas trapping as a function of the maximum gas saturation reached [104], but it is 
not clear that these models can be applied reliably to CO2 storage.  In oil reservoirs, the 
presence of multi-phase fluids make the situation more complex as it is not known how 
much gas is trapped in the presence of both oil and water for all possible displacement 
processes. 
 
The processes of CO2 upwards movement under gravitational forces or because of water 
displacement due to a regional groundwater flow are not fully understood.  Both 
situations involve the displacement of CO2 by water, leading to the trapping of residual 
CO2 – this CO2 is immobile and safely stored.  Even if there are theoretical network 
models [10, 21, 25, 36, 50, 57, 92, 104, 107, 133, 134, 136, 146, 151] that can predict 
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flow and transport properties for any wettability and sequence of saturation changes, 
they have not been tested for all rock types and displacement processes; moreover, in 
many cases the wettability and/or the pore structure is unknown and so relevant data as 
input into the models is missing.  Trapping experiments in the laboratory are also rare 
because the measurements are difficult to perform, particularly at low saturations [151].  
 
As mentioned in the previous chapter, capillary trapping is the most rapid method by 
which CO2 can be rendered immobile after the initial injection [50, 73, 88, 100, 120, 
151].  Fortunately, despite the caveats mentioned above, there is some understanding 
of the trapping mechanisms that take place within the pore space based on the 
experience of the oil and gas industry.  There are several methods of CO2 trapping – of 
which capillary trapping is just one –  which can be categorised as follows: physical, 
hydrodynamic and capillary trapping; and geochemical, solubility and mineral trapping 
[57, 76].  
 
In this chapter, we will review trapping mechanisms including capillary trapping, 
experimental methods and previous work, the effects of wettability, trapping and 
relative permeability, and micro-CT scanning (μ-CT) imaging. 
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3.2 Trapping mechanisms 
The effectiveness of geological storage is controlled by a combination of the trapping 
mechanisms mentioned above, as shown in Fig. 3.1 [76, 139].  
 
Figure  3.1:  Storage security depends on a combination of physical and geochemical 
trapping.  Over time, the physical process of residual CO2 trapping and 
geochemical processes of solubility trapping and mineral trapping 
increase [76]. 
3.2.1 Physical Trapping 
Hydrodynamic trapping This method of trapping is the primary mechanism by 
which hydrocarbons accumulate in the subsurface.  This 
mechanism could take place during carbon dioxide 
sequestration, with the less dense CO2 rising due to 
buoyancy forces until it is trapped under impermeable 
cap-rock [10].  As discussed previously, this process relies 
on there being an intact barrier to upwards flow.  It is still 
possible that the top seal could leak, have gaps or be 
penetrated by wells through which the CO2 could escape 
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to the surface. [25].  Another concern is that the super-
critical CO2 capillary entry pressure is lower than that of 
hydrocarbons [36]. 
 
Capillary trapping This involves CO2 becoming immobile at the pore scale by 
capillary forces.  This process occurs as the CO2 migrates 
upwards, when it is displaced by natural groundwater flow 
or by the injection of chase brine.  It is a rapid and 
effective trapping mechanism that eliminates the need to 
ensure cap-rock integrity [67, 88, 100, 107, 120, 133]. 
3.2.2 Geochemical trapping 
Solubility trapping This method of trapping occurs when there is dissolution 
of CO2 in the aquifer brine.  The CO2 saturated brine is 
denser than the surrounding brine leading to convective 
mixing where the denser brine migrates deeper into the 
formation [50, 107, 134].  However, the timescale of this 
process with natural aquifer flows is thousands of years 
[50, 67].  
 
Mineral trapping It occurs over longer timescales than other trapping 
methods.  As CO2 dissolves in formation brine carbonic 
acid is formed (H2CO3) which dissociates and can 
subsequently react with the host rock or brine to generate 
solid minerals over periods of thousands to hundreds of 
millions of years [62, 63, 106].  It is the most secure 
mechanism as CO2 becomes part of the solid after it reacts 
with the reservoir brine or host rock.  However, this takes 
thousands to billions of years, which makes it least 
important for those who are interested in shorter 
timescales – the CO2 may have escaped by then [133]. 
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3.3 Capillary trapping 
Capillary trapping as the CO2 moves upwards under buoyancy forces or due to 
groundwater flow is the most effective and rapid way to render the CO2 immobile [133, 
151].  Trapping occurs during simultaneous two-phase flow in porous media and plays 
an important role in the migration and distribution of CO2 [133, 146].  Since the brine 
with dissolved CO2 is denser than the original brine, it will tend to sink in the aquifer.  
However, the timescales for dissolution and precipitation are typically thousands of 
years and hence much slower than capillary trapping that can occur field-wide in a few 
decades [100]. 
 
Since the density of super-critical CO2 at process conditions is less than the density of 
water (see Fig. 3.2), injecting CO2 into an aquifer as a liquid-like supercritical phase leads 
to upward movement.  In fact, buoyancy plays a major role in such movement [28, 151].  
It is the driving force behind the injected CO2 rising [100].  CO2 will continue to move 
upwards until it reaches an impermeable seal.  This phenomenon occurs once the 
injection stops and CO2 accumulates at the top of the cap-rock seal if it does not escape 
round it. 
 
Figure  3.2:  CO2 is injected into an aquifer or oil-field.  When injection stops, the CO2 
will continue to rise slowly due to buoyancy forces.  Water will displace 
CO2 causing it to be trapped.  If sufficient CO2 is trapped it may never 
reach the top seal of the system, ensuring that it will remain 
underground.  The blue arrows indicate water movement, while the black 
arrows show the movement of CO2. 
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Trapped or residual saturation of CO2 is a result of the migration of CO2 plume due to 
buoyancy forces at its trailing edge [67].  This is because the water, as a wetting phase, 
displaces CO2, leaving disconnected ganglia of CO2 in the wider pore spaces [168].  
Trapping immobilises CO2; over longer timescales CO2 slowly dissolves into water or 
react with the host rock, but it should not leak to the surface.  Therefore, storage could 
be designed such that all the CO2 is trapped before mobile CO2 is able to reach the top 
of the formation and – possibly – leak through a top seal [43].  However, the upward 
movement of CO2 under gravity involves some subtle processes that are not completely 
understood: does imbibition (wetting phase displacing non-wetting phase that causes 
trapping) occur at only the trailing edge of the CO2 ‘bubble’ or at the leading edge as 
well, due to the buoyancy-driven downwards flow of water in the presence of less dense 
CO2? How much is trapped? 
 
The dominant trapping mechanism at the pore scale in water-wet media is controlled by 
snap-off.  Snap-off is where – at the pore scale – water fills narrow regions of the pore 
space, leaving ganglia of CO2 surrounded by water in large pore spaces.  As the contact 
angle increases (to intermediate-wet and oil-wet), the non-wetting phase is trapped by 
bypassing, where water tends to advance in a connected front with piston-like advance 
in throats and cooperative pore-filling, leading to less trapping.  During the injection of 
CO2, the saturation of gas (non-wetting phase) in the reservoir increases as the gas 
phase migrates upwards due to buoyancy forces.  This migration will continue after 
injection gas has been trapped in a drainage process at the leading edge of the CO2 
plume as it rises.  On the other hand at the trailing edge, water will displace gas in an 
imbibition process, eventually causing snap-off and consequent trapping of the gas 
phase.  This causes a trail of residual, immobile CO2 left behind the upwardly migrating 
plume (see Fig. 3.3) and trapped as immobile pore-scale droplets surrounded by water 
(see Fig. 3.4) [42-44].   
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Figure  3.3:  Trail of residual CO2 that is left behind due to snap off as the plume 
migrates upwards [146].  The pale blue fingers represent the denser brine 
containing dissolved CO2 that moves slowly downwards under gravity. 
 
Figure  3.4:  Trapped non-wetting phase in a sandstone: non-wetting phase is blue, 
rock is green and the wetting phase is grey. The image is a two-
dimensional slice through a three-dimensional image obtained using 
micro CT scanning with a resolution of 3.85 µm [43].  
Fig. 3.5 shows snap-off events where water in corners meet along the pore wall in (a) 
during spontaneous water injection and in (b) as soon as the advancing contact angle is 
reached during forced water injection [43]. 
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Figure  3.5:  Snap-off events. (a) During spontaneous water injection, snap off will 
occur once water in corners meet along the pore wall. (b) During forced 
water injection, snap off will occur as soon as the advancing contact angle 
is reached [43]. 
 
During waterflooding, trapping of non-wetting phase occurs as the water saturation 
increases due to water invasion into the pore space – this is an imbibition process that 
leads to a decrease in the gas saturation.  In contrast, the non-wetting phase saturation 
increases during CO2 injection and where the CO2 is rising upwards – this is drainage. 
These two processes may be seen, a drainage process at the leading edge of the CO2 
plume and imbibition at the trailing edge. During drainage and imbibition, CO2 replaces 
water as the non-wetting phase saturation increases and then water displaces CO2 as 
the water saturation increases respectively. The snap-off phenomenon causes the 
supercritical phase to be trapped as shown in Fig. 3.3 [146]. 
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3.4 Experimental methods and previous studies 
There is surprisingly little good data on two- and three-phase relative permeabilities and 
the amount of capillary trapping in the literature.  Oak [119] related this to two reasons; 
one reason is that the data reported are incomplete on two-phase relative 
permeabilities, and the other reason is that the saturation history is inconsistent or 
limited to a couple of saturation history cases. 
 
In 1951-52, Geffen et al. [55, 56] showed that the residual gas saturation Sgr varied from 
0.15 to 0.5 for different porous media.  They used a pressure core barrel and electrical 
log data to measure Sgr.  In the experiments conducted, unconsolidated sand showed an 
Sgr of about 0.16, while consolidated sandstones showed a value of 0.25 to 0.38 [55, 56]. 
Geffen et al. also observed hysteresis in the relative permeability function when 
reversing the direction of saturation from drainage to imbibition. Crowell et al. in 1966 
[37, 38] studied the effect of initial water saturation Swi on Sgr. 
 
In 1963, Chierici et al. [35] presented 251 Sgr measurements on small samples of 
different lithology types (consolidated and unconsolidated) where Sgr ranged from 0.1 to 
0.31.  They also measured the average Sgr during a pressure depletion test under 
simulated reservoir conditions.  For unconsolidated samples, the average Sgr increased 
with the flooding pressure.  However, consolidated samples did not show this effect.  
 
In 1987, another study was conducted by Firoozabadi et al. [54].  They conducted three 
different tests on three composite cores from unconsolidated reservoir sands.  The first 
test was conducted to establish Sgr with water injection from the bottom into the 
vertical core which was initially saturated with methane or immobile water.  The second 
test comprised the depletion of the core from the upper end at the termination of the 
first test. In the third test, water was again injected at the lower end. From the first, 
second and third tests, the average Sgr were measured to be 0.3, 0.52, and 0.40 
respectively.  They observed that the influence of Swi on Sgr is small. They concluded that 
Sgr increases as Swi increases. 
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In 1988, Kantzas et al. [89, 90] performed a comprehensive series of experiments using 
nitrogen or air injection into strongly water-wet unconsolidated and consolidated 
samples.  The experiments were conducted to test gravity drainage methods; the cores 
were positioned vertically and the air or nitrogen was injected at the top of the column 
to displace the oil downwards.  They observed that 0.99 of the oil at the residual water 
conditions was recovered in all unconsolidated columns while 0.80 or better was 
recovered in all consolidated columns.  Other experiments were conducted with cores at 
waterflood residual oil conditions.  Then air or nitrogen was injected at the top to 
displace both water and oil vertically downwards.  The oil recovery at residual oil 
conditions was 0.7 to 0.94 for unconsolidated media and 0.55 to 0.85 for the 
consolidated media.  They also succeeded in removing the oil bank completely from the 
system.  
 
In 1990, Oak [119] studied experimentally two-phase and three-phase relative 
permeabilities of water-wet Berea sandstone using the steady-state method.  He 
presented two-phase gas-oil, oil-water and gas-water data.  Eight cases of saturation 
history have been investigated and compared with predictions by Stone’s methods (see 
section 3.6).  He showed that Stone’s models did not predict his data accurately.  
 
In 1995, Blunt et al. [22] presented a theoretical and experimental treatment of three-
phase flow in water-wet porous media from a molecular level to the core scale.  A series 
of gravity drainage experiments were performed in sand columns at high and low oil-
water surface tension using cylindrical columns.  They allowed the columns to drain 
freely under gravity then pumped air to remove the liquid from the bottom of the 
system.  They concluded that the residual oil saturation Sor in the presence of water and 
gas can be zero under favourable circumstances. 
 
In 2000, Mulyadi et al. [117] studied Sgr for water-driven gas reservoirs using various 
core analysis methods, steady-state waterflood, co-current imbibition, centrifuge, and 
counter-current imbibition.  Four core samples were selected for testing. The Sgr ranged 
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from 0.18 to 0.46.  They concluded that the steady-state displacement and co-current 
imbibition yield the most representative values of Sgr for reservoir applications.  
 
In 2003, Suzanne et al. [153-155] tested a large set of sandstone samples to present 
sixty experimental relationships between initial gas saturation Sgi and Sgr.  They used 
cylindrical plugs of different lengths.  They showed that the Sgr is a function of both rock 
characteristics with porosity (or permeability) and the amount of microporosity, and Sgi.  
They also found that the Sgr values measured by evaporation-imbibition were found in 
very close agreement with those obtained by capillary drainage – imbibition.  
3.5 Effect of wettability 
The impact of wettability on relative permeability has been studied numerically and 
experimentally [4, 27, 29, 44, 59-61, 72, 89, 116, 140, 150, 164].  Wettability is defined 
as “the tendency of one fluid to spread on or adhere to a solid surface in the presence of 
other immiscible fluids” [4].  In a rock-brine-oil system, water will displace oil if the 
surface is water-wet and oil will act analogously, if the surface is oil-wet. 
 
In 2000, DiCarlo et al. [40, 41] studied the effect of wettability on three-phase relative 
permeability.  They performed experimental three-phase flow studies in water-wet, oil-
wet, and fractionally-wet systems using industrial sand which was initially water-wet.  
The gravity drainage displacement showed that Sor ranged from 0.1 to 0.01, tending to 
zero with time.  They found that the gas relative permeability is approximately twice as 
the high in a water-wet system than in an oil-wet system at the same gas saturation.  
They also observed that the oil relative permeability in oil-wet media behaves similarly 
to the water relative permeability in water-wet system. 
 
In 2004, Caubit et al. [32] presented experimental results dealing with the influence of 
wettability on two- and three-phase flow in porous media in short (0.25 m) and long (1.0 
m) cores.  Forced displacements of gas by water and oil were performed on the short 
cores. In the long cores, gas and oil gravity drainage in presence of Swi followed by 
waterfood was carried out.  They observed that the local measurement of saturation 
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profiles showed that the initial oil saturation Soi at the end of gravity drainage depends 
on wettability.  However, they also observed that there was no wettability effect on 
three-phase Sgr. Moreover, they concluded that the Sgr obtained by oil or two-phase 
water forced displacement are similar. 
3.6 Relative permeability and trapping models 
Relative permeability models, that use empirical mathematical expressions to predict 
values, can be used to help design, optimize and analyze displacement processes [80].  
Often these models are informed by the results of pore-scale network modelling [119].   
 
In 1970-73, Stone [148, 149] proposed two empirical models of three-phase relative 
permeability that are most commonly used in the oil industry.  These models have 
become a benchmark against which experimental measurements are compared [21].  
Stone assumed that the porous medium was water-wet and that the water and gas 
relative permeabilities are functions of their own saturations, but that the oil relative 
permeability is a function of both water and gas saturation.  His models suffer from 
three major limitations: they were developed for water-wet media and applied to 
reservoir rocks that are often mixed- or oil-wet; he failed to account for the trapping of 
oil and gas for any displacement sequence; and the functional form of the relative 
permeability at low saturation disagrees with recent experimental results [21].  In the 
literature, several studies have shown that these models fail to predict three-phase 
relative permeability accurately [13, 119]. 
 
In 1968, Land [102, 103] developed imbibition relative permeability relations for both 
two- and three-phase systems.  Land assumed that the amount of entrapment at any 
saturation is a function of the initial non-wetting phase saturation established in the 
drainage direction and residual saturation after complete imbibition.  He then showed 
how this relationship could be used to calculate imbibition relative permeabilities of the 
non-wetting phase.  Land’s calculation cannot be done without the knowledge of the 
pore size distribution factor, ε, exponent in the equation for drainage wetting-phase 
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relative permeability.  In a later paper, Land [104] experimentally verified these relations 
for a two-phase system.  
 
In 1971, Land [104] proposed the most widely used empirical trapping model.  Most 
relative permeability models that include hysteresis are based on Land’s model [21, 80, 
92].  Land tested cylindrical core samples, which were 0.0381 m long and 0.0254 m in 
diameter.  He investigated two alundum plug samples and Berea sandstone.  Based on 
his observations, he developed a relationship for two-phase flow.  Land proposed that 
the maximum residual gas saturation reached during the displacement determines the 
amount of trapping.   
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and S
*
 is the effective saturation:  S
*
 = S/(1-Swc) where Swc is the connate or irreducible 
water saturation. 
 
To predict the relative permeability in a three-phase displacement, whenever the 
maximum gas saturation is reached, Eq. 3.1 can be used to compute Sgr.  The Land 
model can be applied for either oil or gas as the non-wetting phase.  Fig. 3.6 represents 
two curves obtained from two sandstones along with the experimental data when gas is 
the non-wetting phase.  
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Figure  3.6:  Measured and calculated residual gas saturation curves. Solid lines show 
the two values of C for the two sandstones; C = 4.617 and 1.273 
respectively.  The dots indicate the experimentally derived data for each 
medium [104]. 
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This relationship works well for strongly water-wet media.  However, recent results 
showed that the extrapolation of Land’s empirical relationship is not correct for all initial 
saturations [32]. 
 
In 1976, Killough [92] combined history-dependent relative permeabilities developed by 
Land [32, 103] with a three-dimensional, three-phase, semi-implicit reservoir simulator.  
Killough made use of Land’s maximum residual non-wetting phase saturation 
relationship of relative permeability hysteresis to establish the endpoint of the 
imbibition curve.  Killough’s method relies on an interpolation formula between input 
bounding curves (imbibition curves) to calculate scanning curves (intermediate curves).  
Imbibition relative permeabilities fall between two endpoint saturations, the maximum 
non-wetting saturation and the trapped or residual saturation.  With given drainage 
relative permeability data, the hysteresis model predicts imbibition relative 
permeabilities by calculating the amount of the non-wetting phase that will be trapped 
and then interpolating between the drainage relative permeability at the maximum non-
wetting phase saturation and zero relative permeability at the trapped saturation.  
Trapped non-wetting saturations are calculated using Land’s semi-empirical expression 
[103].   
 
In 1981, Carlson [31] presented a method for calculating imbibition relative permeability 
for the non-wetting phase from the drainage curve, historical maximum non-wetting 
phase saturation and a minimum of one additional point on some corresponding 
experimental imbibition curve.  Carlson’s method uses only a drainage curve combined 
with Land’s formula to deduce bounding and scanning imbibition curves.  He stated that 
the imbibition gas relative permeability at Sg is equal to the drainage gas relative 
permeability at a free gas saturation, Sgf.  He found that all imbibition curves are parallel.  
 
In 1988, Baker [13] used saturation-weighted interpolation between water-oil and gas-
oil relative permeability to predict three-phase relative permeabilities.  Based on an 
analysis of experimental data, he concluded that the Stone’s models gave poor 
predictions, while the saturation-weighted interpolation method was better.  
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In 1997, Jerauld [81] used experimental data from Prudhoe Bay sandstone core samples 
and suggested that the pore structure may determine trapped saturations.  He showed 
that an increase in porosity for sandstone causes a decrease in the trapped gas 
saturation and proposed that lower porosity samples have larger pore-throat aspect 
ratios, which results in more snap-off.  He showed that Sor ranged from 0 to 0.35.  
 
Jerauld also in 1997 [80] extended Land’s trapping model.  Jerauld’s trapping model 
accounts for the “plateau” observed in the initial-residual curve for mixed-wet rock. The 
nonwetting phase saturation is given by: 
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The total oil and gas trapped in a three-phase media could be up to 0.2 greater than the 
waterflood residual oil saturation during two-phase flow. 
 
In 2005, Piri and Blunt [128, 129] described a three-dimensional mixed-wet network 
model.  This model was designed to simulate two-phase and three-phase fluid flow for 
any sequence of oil, water and gas injection.  Two-phase and three-phase relative 
permeability was successfully predicted and compared with the steady state 
experiments conducted by Oak [119].   
 
In 2005, Kumar et al. [100] highlighted the importance of well completions on CO2 
trapping, most specifically the vertical position of injection within the aquifer.  
Considering a simple saline aquifer they proposed that when injection occurs in the top 
half of the aquifer the CO2 plume will easily reach the cap-rock and could migrate large 
distances up dip increasing the risks of leakage.  On the other hand, they found 1,000 
years and 10,000 years after injecting into the lower half of the aquifer, the plume was 
rendered immobile before reaching the cap rock.  This last finding could be argued as 
being specific to the aquifer simulated and may not be representative of all storage 
sites.  
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In 2005, Irle et al. [78] proposed a similar buoyancy-driven trapping model from the 
base of the aquifer but also highlighted the problem of non-uniform flow behaviour.  If 
the CO2 front is propagating evenly upwards then the volume of CO2 trapped is high 
because the volume of CO2 that comes into contact with the sand is higher.  On the 
other hand if the aquifer is heterogeneous then fingering could occur, where migration 
is concentrated in preferential paths, which could greatly reduce the amount of residual 
trapping. 
 
Spiteri et al. [146] proposed a new model for trapping and waterflood relative 
permeability prediction based on the results of pore-scale modelling. The same authors 
in Juanes et al. (2006) [88] found that hysteresis is the most important factor in the 
prediction of the migration and final distribution of the CO2 as shown in Fig. 3.7.  During 
secondary imbibition process water will trap the trailing edge of the injected CO2 plume.  
They also provided two favourable injection strategies to enhance CO2 trapping, 
operating at high injection rates or alternatively injecting water and CO2.   
 
 
Figure  3.7:  Water saturation distribution after 50 years from the beginning of CO2 
injection. Left: results from the case without hysteresis. Right: results 
from the case with hysteresis [88]  
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In 2006, Hesse et al. [67] solved a simple analytical model where residual trapping 
occurs as the plume migrates due to buoyancy forces and also suggested how this 
process will be considerably more effective in a sloping aquifer as shown in Fig 3.8.  
 
Figure  3.8:  The evolution of a CO2 -plume in a large regional aquifer with a small 
slope.  The volume of mobile CO2-plume is reduced by residual trapping 
until it is exhausted and reaches its maximum migration distance [67]. 
 
3.7 Micro-CT imaging 
X-ray computed micro-tomography (miro-CT) is a technique for obtaining three-
dimensional images of porous media at the resolution of a few microns – sufficient to 
see individual pores in many systems.  Micro-CT scanning offers the possibility of non-
invasive observation of changing fluid-phase content in the pore space which leads to 
determination of the position, distribution and saturation of each phase at the pore 
scale level as shown in Fig. 3.9 [167]. 
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Figure  3.9:  Three-dimensional distribution of the air phase for slow (yellow) and fast 
(blue) drainage [167]. 
A resolution down to 3 µm is essential, so that the pore morphology can be resolved.  
Even at such a high resolution, microporosity, for instance in carbonates, cannot be 
detected [161]. 
 
In 2004, Turner et al. [161] presented progress in the 3D pore-scale micro-CT imaging of 
multiple fluid phases during drainage experiments in porous materials.  Experiments 
were performed on a bead pack and a Berea sandstone sample.  They observed the 
presence of residual wetting fluid both as isolated pendular rings surrounding grain 
contacts as well as connected lenses of trapping fluid connected to two or more 
pendular rings.  They concluded that this development will allow a direct method of 
validation of multiphase flow simulators based on network equivalents of porous 
structures. 
 
In 2005, Siddiqui et al. [141] used micro-CT scanning to analyse three-phase flow 
experiments involving the CT numbers of two fluids and treating them as a single fluid.  
Water, alcohol and decane were used to represent the three immiscible phases.  The 
separation of the water and decane saturations was impossible.  They obtained good 
information on density, porosity and pore-size distribution. They concluded that the 
micro-CT can provide an effective way to generate spatial information to support pore 
network models. 
  63 
In 2006, Arns et al. [5] imaged a carbonate core plug in 3D over a range of length scales 
using high resolution micro-CT.  An image of the full 40 mm diameter plug was scanned 
at 42 μm and 1.1 μm resolution, allowing one to deduce the size, shape and spatial 
distribution of a porous medium.  They concluded that the combining of digitized 
images with numerical calculations to predict petrophysical properties and derive 
correlations for carbonate lithologies is feasible. 
 
In 2007, Dong et al. [43] used micro-CT to image rock cuttings of poorly consolidated 
sandstone and vuggy carbonate from Saudi Arabian oil and gas fields.  The cuttings were 
a few mm across and were imaged to a resolution between 3 and 12 μm.  They used a 
maximal ball algorithm to extract a topologically equivalent pore network.  They 
observed that the three-dimensional pore space can be clearly seen.  They succeeded to 
input these models into pore-scale network models to predict macroscopic properties 
such as relative permeability and capillary pressure.  They concluded that the pore size 
distribution plays a major role in the connectivity of the two samples.  Fig. 3.10 shows 
images of poorly consolidated reservoir sandstone from Saudi Arabia produced using 
the micro-CT scanner in the Materials Department of Imperial College London.  The 
cuttings are a millimetre across and imaged with a resolution of 3-12 µm.  Fig. 3.11 
shows the corresponding networks for pore-scale modelling.   
 
Figure  3.10: Transparent view (left) and the cutaway view (right) of the 3D micro-CT 
images [43]. 
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Figure  3.11:  Pore networks generated from micro-CT images using the maximal ball 
algorithm [43]. 
 
3.8 Summary 
The theoretical-empirical prediction of two-phase and three-phase relative 
permeabilities requires experimental validation.  Computer models can currently not 
simulate the residual oil and gas saturations for two and three-phase flow reliably at 
very low residual saturations.  Thus, we will provide an experimentally-verified 
description of CO2 trapping as input into macroscopic simulators that will couple this 
with the impact of reservoir heterogeneity and well placement.  The aim is to design a 
process such that most, or all, the CO2 remains trapped before it reaches the top seal of 
the reservoir. 
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Chapter 4  
 
Experimental apparatus and procedure 
4.1 Introduction 
The static and dynamic measurements were performed on unconsolidated sand (LV60) 
in our petrophysics laboratory.  A schematic sketch of the flooding apparatus is shown in 
Figs. 4.1, 4.2 and 4.3.   
 
The apparatus displayed in Fig. 4.1 was used to perform the drainage-imbibition 
experiments to obtain the end point saturations.  The second schematic sketch shows 
the apparatus used to perform the two-phase capillary trapping (buoyancy-driven) 
experiments (oil-water and gas-water) (see Fig. 4.2).  Fig. 4.3 shows the apparatus used 
to perform the three-phase gravity drainage experiments (oil-gas-water). 
 
The initial non-wetting phase saturation, S(nw)i, and the residual non-wetting phase 
saturation, S(nw)r, for two- and three-phase flow measurements were obtained by 
performing laboratory experiments using sand columns.  Engineering sketches of the 
column and its accessories used in these experiments are shown in Figs. 4.5, 4.6 and 4.7. 
 
Three replicates were performed for each experiment; for each replicate, a new sand 
column was packed.  The static rock properties, i.e. porosity (φ) and permeability (K), 
were measured, and the dynamic properties, i.e. initial saturations, Swi, Soi, Sgi, and 
residual saturations, Sor and Sgr were obtained.   
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The end point saturations were obtained using volume balance (VB) and mass balance 
(MB) by using the experimental set-up shown in Fig. 4.1.  In the two-phase 
measurements Soi, Sgi, Sor and Sgr were determined by using the set-up presented in Fig. 
4.2.  GC was used to measure saturation for the oil-water system and MB was used for 
the gas-water system.  The experimental set-up in Fig. 4.3 was used to obtain the three-
phase measurements.  The combination of GC and MB were used to determine oil, 
water and gas saturations and to assess the reproducibility and the accuracy of our 
results. 
 
This chapter consists of four sections that provide full descriptions of the experimental 
apparatus, materials, procedures and data interpretations.  
4.2 Experimental apparatus 
4.2.1 Experimental set-ups 
4.2.1.1 End point apparatus  
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Figure  4.1:  Schematic of the drainage-imbibition experimental set-up.  The sand-
packed column was placed horizontally in order to avoid gravitational 
effects on the two-phase flow experiments. 
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4.2.1.2 Two-phase apparatus  
 
Flow path of OIL OR GAS injected into column for 
initial Soi and Sgi
Flow path of SECOND BRINE injected 
into column for residual Sor and Sgr
Flow path of FIRST BRINE injected into column 
upper- end cap
Low-stream 
pressure 
transducer
P2
fluid
reservoir
effluent 
collector
Up-stream 
pressure 
transducer
lower 3-way metal valve
500D Pump
Cy
lin
de
r
saturated sand-
packed column
P1
upper- end cap
upper 3-way metal valve
filter paper and 
metal mesh
filter paper and 
metal mesh
 
Figure  4.2:  Schematic of the two-phase experimental set-up used in this work.  Two 
experiments were performed: oil-water buoyancy-driven experiments 
and gas-water buoyancy-driven experiments.  The sand-packed column 
was tested in a vertical position.  The sequence of displacement process 
was water, oil or gas for Soi or Sgi, and then water for Sor or Sgr. 
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4.2.1.3 Three-phase apparatus 
 
 
Figure  4.3:  Schematic of the three-phase (oil-gas-water gravity drainage 
experiments) experimental set-up used in this work.  The sand-packed 
column was placed vertically for first brine injection, horizontally for oil 
injection and then vertically for gas injection and for second brine 
injection.  The sequence of displacement process was brine, oil, gas for Soi 
and Sgi, and then brine for Sor and Sgr. 
4.2.2 Polymethylmethacrylate Column 
The apparatus consisted of a transparent plastic column, which was 0.9975 m long with 
an inner diameter of 0.02 m.  Each separate test used one transparent column.  The 
column was open at both ends, which were sealed with two plastic end caps.  Each end 
cap was slotted in 0.02 m into the column and was sealed with two rubber ‘O’ rings.  
Each end cap had a small inlet and outlet to allow fluids to channel through a 3.175 mm 
tube that was connected to a steel valve.  Each end cap also had a steel stopper with a 
0.0325m long rod inserted into to the end cap outlet channel to minimize any extra 
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volume inside the column.  On the outside of the column there were 1.2 mm grooves 
every 0.048 m to aid when slicing the column for sampling.  Steal threaded rods were 
also used to hold equipment in place during the experiment.  Fig. 4.4 shows different 
stages of non-wetting fluid invasion (oil dyed red) into a water-saturated sand column. 
 
Figure  4.4:  Sand-packed column injected with non-wetting phase fluid (oil dyed red).  
The vertical oriented column used in two-phase flow experiments: oil-
water buoyancy-driven experiments and gas-water gravity drainage 
experiments. 
4.2.3 Pump system 
The pumping system consists of one Teledyne ISCO 500D syringe pump, one Teledyne 
ISCO 1000D syringe pump and one air pump as shown in Fig. 4.5.  The 1000D pump and 
the 500D pump were used to inject water and oil with highly accurate flow rates.  The 
air pump was used to saturate the injected air with octane before opening the top and 
bottom of the column to atmosphere to avoid oil vaporization during the three-phase 
measurements. 
 
The Teledyne ISCO 1000D syringe pump with a 1 × 10-3 m3 cylinder capacity, flow rate 
range from 1 × 10
-6
 m
3
.s
-1
 to 4 × 10
-4
 m
3
.s
-1
 was used for the two- and three-phase 
flooding experiments.  The Teledyne ISCO 500D syringe pump with a 5 × 10
-4
 m
3
 cylinder 
capacity, flow rate range from 1 × 10
-6
 m
3
.s
-1
 to 2 × 10
-4
 m
3
.s
-1
 was used for the 
preliminary flooding experiments.  Flow rate accuracy for 1000D and 500D according to 
the technical specifications is ± 0.5% using water at 13.8 MPa and a temperature 
controlled environment at 30 °C.  The D series syringe pumps are designed for 
applications requiring very high accuracy and precision. 
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Figure  4.5:  Pump system: (a) Teledyne ISCO 1000D syringe pump, (b) Teledyne ISCO 
500D syringe pump and (c) air pump were used in this work. 
4.2.4 Gas chromatography (GC) 
Chromatography is a very important analytical tool because it allows researchers to 
separate components in a mixture for subsequent use or quantification.  Most samples 
that researchers want to analyze are mixtures.  If the method of quantification is 
selective for a given component in the mixture, separation is not required.  However, it 
is often the case that the detector is not specific enough, and a separation must first be 
performed.  There are several types of chromatography depending on the type of 
sample involved [30, 98, 147]. 
 
In many laboratory experiments, researchers use gas chromatography (GC).  GC makes it 
possible to separate the volatile components of a very small sample and to determine 
the amount of each component present. Hence GC can provide an accurate and 
sensitive measurement of fluid saturations.   
 
In 1997, Zhou et al. [173] performed a series of three-phase gravity drainage 
experiments in columns containing two different water-wet sands (red sand and purified 
sand) for three different light non-aqueous phase liquids (n-hexane, iso-octane, and n-
decane).  They washed the sand and fluids with 5.0 × 10-5 m3 of 2-propanol, which was 
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then injected into the GC.  The GC measurements have a sensitivity of about 0.03% and 
an accuracy of ± 0.05% for the saturation range studied.  They could measure 
saturations as low as 0.1%.  They claimed that in ideal circumstances, residual 
saturations down to zero were possible. 
 
In 2000, Schaefer et al. [138] developed a new experimental method to determine air-
water interfacial area as a function of capillary pressure and water saturation in 
unsaturated porous media.  They performed five primary drainage and five secondary 
imbibition experiments to measure capillary pressure, water saturation, and interfacial 
area. Silica sand was used in all experiments.  They constructed special columns 
consisting of polycarbonate rings.  GC (Hewlett-Packard 5880) was used with a thermal 
conductivity detector to analyze the water concentration in the sand slices. Helium was 
used as the carrier gas.  Upon completion of analysis, they could determine the air-
water interfacial area as the mass of surfactant at the solid-water interface was 
insignificant.  The Sor obtained during imbibition was about 0.18.  Difficulties in 
measuring water and surfactant concentrations at low saturations were observed as 
some of the water may become disconnected. 
 
Fig. 4.6 shows a schematic diagram of a GC instrument.  The GC apparatus is available in 
the Department of Earth Science and Engineering at Imperial College London.  
 
Figure  4.6:  Schematic diagram of a gas chromatograph. 
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GC analysis was carried out using a PerkinElmer Autosystem XL GC fitted with a SGE 
forte capillary column (30m × 0.25mm ID, BP20 0.5 μm, polyethylene glycol) and a 
thermal conductivity detector (TCD).  It was used to detect liquid concentrations.  The 
GC set-up as shown in Fig. 4.7 allowed detection of changes of the magnitude of 1 ppm 
within each GC sample vial.  The measurement programme is summarized in Table 4.1. 
Parameter Value 
Run time 3 minutes 
Sampling Rate 12 readings per second 
Oven Temperature Initial: 353.15 K, increase to 443.15 K at a 
rate of 30 K per minute 
Injector Temperature 473.15 K  
Detector Temperature 513.15 K 
Carrier Gas Helium, 2 mL/min flow rate 
Detector Gas 
Helium, 18 mL/min; reference gas: Helium 
20 mL/min; split flow = 50 mL/min / total 
flow rate = 54 mL/min 
Retention Time n-octane 1.344 minutes 
Retention Time 2-Propanol 1.496 minutes 
Retention Time Water 1.734 minutes 
Table  4.1: GC measurement parameters.  
 
 
Figure  4.7:  GC apparatus used in this work. 
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4.2.5 Micro-CT imaging 
We extracted pore networks from micro-CT images.  A micro-CT scanner at Imperial 
College London has been used to image LV60 samples as shown in Fig. 4.8. 
 
Figure  4.8:  The micro-CT scanner used in this work. 
4.3 Experimental materials 
4.3.1 Sand 
Several sands have been screened (see Fig. 4.12) and Levenseat 60 (LV60) was chosen.  
LV60 was supplied by WBB Minerals Limited in the UK (Scotland).  LV60 was used as 
received after drying for several days.  The grain size distribution (σ) was determined by 
sieving the sand through standard British meshes for 80 minutes on an electrical shaker 
(see Table 4.3 and Fig. 4.12).  The grain size distribution can be calculated by using Eq. 
20 (see appendix C) [160].The sieving analysis showed that 89.3% of the sand particles 
had a size between 180 μm and 500 μm, while WBB Minerals Limited reported that 
99.2% of sand the particles had sizes between 180 μm and 500 μm (see Fig. 4.12).  A 
chemical analysis supplied by WBB is shown in Table 4.2 where Table 4.3 shows a sieve 
analysis of LV60.  A photographic image of LV60 supplied by WBB is shown in Fig. 4.13. 
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Figure  4.9:  Grain size distributions of several sieved unconsolidated sands. 
Analyte Name SiO2 Fe2O3 Al2O3 Cr2O3 CaO TiO2 K2O 
Results (mass%) 99.18 0.059 0.24 0.0017 0.01 0.043 0.03 
Analyte Name Na2O MgO Mn3O4 BaO ZrO2 WO3 LOI 
Results (mass%) < 0.05 < 0.03 0.0003 0.01 0.03 0.056 0.17 
Table  4.2:  Chemical analysis (WWB Mineral) for the sand (LV60) used in the 
experiments. 
Microns % Passing % Retained 
Pan 0.0 0.0 
90 0.7 6.3 
150 6.6 4.0 
180 10.6 35.8 
250 46.4 37.3 
355 83.7 14.2 
500 97.9 2.0 
710 99.9 0.3 
1000 100.0 0.0 
Table  4.3:  Particle size distribution of LV60 sand (Imperial College). 
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Figure  4.10:  Photo micrograph of LV 60 sand provided by WWB Mineral. 
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Figure  4.11:  Grain size distribution of LV60 (Imperial College and WWB Mineral).  The 
real grain size distribution is somewhat broader than claimed by the 
distributor. 
 
The difference in sand grain distribution data shown in Fig. 4.14 indicates that the batch 
of sand we analyzed had a significantly broader grain size distribution than claimed by 
WBB Minerals.  
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The sand grain aspect ratio α was determined by measuring the major and minor axis of 
five sand grains of each sieved LV60 mass fraction as shown in Fig. 4.15.  The values for 
the major and minor axis were averaged by computing the arithmetic mean and then 
computing by using Eq. 1 (see appendix C).  
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Figure  4.12:  Aspect ratio distribution for LV60. 
 
The distribution of weighted aspect ratios of LV60 was calculated by computing the 
weighted aspect ratios for each mass fraction, i.e. multiplying the mass fraction with the 
corresponding aspect ratio.  From these data the mean weighted aspect ratio (= 1.491) 
was calculated by computing the arithmetic mean of all fractional mean aspect ratios.  
 
To asses and quantify grain shape microcomputer tomography (CT) scans were taken of 
a small cylindrical sample of sand approximately 5 mm in diameter.  Using the resultant 
image a total of 50 grains from each sand were given a score of one to five for 
roundedness (1 = most rounded, 5 = most angular), and one to five for sphericity (1 
being most spheroid).  From this an average score was obtained and the sands grain 
shapes were be quantified. 
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4.3.2 Brine 
To better simulate reservoir conditions, brine was used in these experiments.  The brine 
was a solution of 5wt% NaCl (Fisher Bio Reagents, ≥ 99.9 mol %) and 1wt% KCl (Merck, ≥ 
99.5 mol %) in de-ionized water.  Establishing an initial brine saturation of 100% was 
accomplished in three steps.  The brine was completely de-aired by bubbling oxygen-
free nitrogen gas through brine for a minimum of 15 minutes.  In addition, and prior to 
brine injection, the column was completely saturated with gaseous CO2.  Injecting brine 
with applied back-pressure to displace the injected CO2 ensured that the remaining 
trapped CO2 was dissolved completely in the brine by forcing the brine into the smaller 
pores, resulting in a 100% saturated sand pack. 
 
Potassium ions were introduced to prevent the sand-pack from swelling, while the NaCl 
was added to increase the ionic strength of the water to levels found in oil reservoirs 
[61].  The density of brine was measured before each experiment and ranged from 1039 
to 1041 kg.m
-3
.  
4.3.3 Oil 
n-octane (purity > 99 mol%) was used as the non-wetting phase for its similarity in 
density with supercritical CO2.  The octane was de-aired by bubbling oxygen-free 
nitrogen gas through it for a minimum of 15 minutes.  The density of the octane was 
measured before each experiment and ranged between 707 and 709 kg.m
-3
. 
4.3.4 Dying agent 
n-Ethyl-1-((p-(phenylazo) phenyl) azo) 2-naphthalenamine (Sudan Red 7B) was used as 
an oil dye to observe oil movement during the experiments and to distinguish the n-
octane from the brine.  Sudan Red 7B (supplied by Sigma- Aldrich) is soluble in oil but 
insoluble in water. 
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4.3.5 Solvent  
Propan-2-ol (purity > 99.8 mol%) was used during the sampling stage to dissolve both 
octane and brine into a homogenous mix for GC sampling. 
4.4 Experimental procedures 
A series of experiments were performed on LV60.  To assess the reproducibility of the 
packing and the accuracy of the measurements of porosity, permeability, Swi, Sor and Sgr, 
the decision was made to use totally new sand-pack columns for each experiment. 
Three replicates, each replicate is completely a new sand pack column, were prepared 
to ensure reproducibility and accuracy. 
4.4.1 Packing of the column  
The total sand volume was poured directly into the column through a plastic funnel 
connected to a plastic tube reaching the bottom of the column.  The tube was then 
slowly pulled up from the column whilst a vibration was added by forcefully tapping the 
column with a stick so that the sand deposition was expected to be homogeneously 
packed.  After the column was filled, vibration was continuously applied (and more sand 
was added as required) until it was clear no more compression of the sand would take 
place.  Compression was generated with a vibrator and a long stick to confine the sand-
pack.  This process took at least one hour to deliver a good well sand-packed column. 
 
To determine the reproducibility of our packing and the accuracy of our measurements, 
a packing ratio (PR) of 1654 kg.m
-3
 was determined (see Fig. 4.16) and used throughout 
the experiments.  This enabled the accurate mass calculation for the sand required for 
the sand packs of the column.  To measure the packing ratio, we used nine obtained 
readings of bulk volume, porosity and mass of sand that we determined previously 
during the end points measurements (see chapter 5, section 5.3).  The packing ratio can 
be calculated by Eq. 6 (see appendix C). 
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Figure  4.13:  Packing ratio as a function of measured porosity.  Using a fixed value 
ensures a consistent porosity for the packing. 
4.4.2 Capillary number 
The capillary number (Ncap) was calculated prior to the experiments (see Eq. 21, see 
appendix C).  For the non-wetting phase, Ncap was in the range of 10
-6
 to 10
-5
.  For the 
wetting phase, Ncap was approximately equal to Ncap for the non-wetting phase.  The 
residual non-wetting phase is a function of Ncap [61] with additional non-wetting phase 
production above a certain threshold (10
-5
 for unconsolidated sand-packs), below the 
threshold Ncap has no influence on Sor [34].  To guarantee that Ncap did not influence our 
experiments it was kept as values below the threshold value.  
4.4.3 Bulk volume  
The bulk volume (VB) of each column was measured before each experiment (see Eq. 2, 
see appendix C).  To determine VB, the column was completely filled with de-ionized 
water of a known density taking care that all air was displaced.  VB was calculated using 
the mass difference of the dry and filled column.  This resulted in an average bulk 
volume of 3.11 × 10
-4
 m
3
.  
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4.4.4 Pore volume 
The pore volume (Vp) can be calculated by Eq. 3 (see appendix C).  The average pore 
volume was determined by calculating the arithmetic mean of four different pore 
volume measurements. The first pore volume was computed via the grain volume route, 
i.e. the mass of the sand was measured and divided by the density of the sand. The 
second pore volume was determined by weighing the column with dry and saturated 
sand. The mass difference divided by the brine density, which is measured for each 
experiment, results in the second pore volume. The third pore volume was determined 
by the difference in injected and collected brine volumes. The fourth pore volume was 
determined by the difference in injected brine volume and collected brine mass, with 
the brine mass divided by the brine density to obtain the corresponding brine volume. 
4.4.5 Porosity 
Porosity (φ) is defined as the percentage of the space in the bulk volume that is not 
occupied by rock grains [51]. It is also known as the ability of the reservoir to 
accommodate fluids [64]. Therefore, the porosity is the ratio of the pore volume to the 
bulk volume.  Porosity can be calculated using Eq. 4 (see appendix C). 
4.4.6 Permeability 
Darcy’s law was applied to compute the permeability (K) for each replicate by Eq. 5 (see 
appendix C).  Nine readings were taken to estimate reproducibility.  The column was 
orientated horizontally and the absolute permeability of the saturated column was then 
measured three times at 3 separate flow rates 8.33 × 10-8 m3.s-1, 5 × 10-8 m3.s-1, and 1.67 
× 10-8 m3.s-1.  The pressure drop across the column was measured after stabilization was 
achieved, typically between 25-40 minutes. 
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4.4.7 Gas chromatography calibration 
The GC was calibrated periodically with two different sets of standards.  First, it was 
tested with the pure liquids directly and an average peak area per mole of 3.95 × 10
10
 
μV.s/mole for octane and 8.46 × 10
9
 μV.s/mole for brine was determined.   
 
The second test sequence that was performed involved new standards including defined 
amounts of sand added to the liquids – this simulated the actual experimental process 
more closely (shake the mixture, refill into another flask, add 2-propanol, filter the slurry 
and fill the GC vials). This was done covering the whole oil-brine ratio range found in the 
sand-packs.  For these standards, an average peak area per mole was 3.78 × 10
10
 
μV.s/mole for octane and 8.46 × 10
10
 μV.s/mole for brine. 
 
That means that we lose approximately 4.4vol% of the octane in each section and 
2.85vol% of the brine due to the filtration process.  As we are only interested in the ratio 
oil-brine, and lose both phases, this results in an adjustment factor of 1.02 with which 
the oil saturation has to be multiplied in order to account for the fluid loss due to 
filtration/evaporation. 
4.4.8 Initial water saturation (Swi) 
The initial water saturation Swi was measured by mass difference with an accuracy of ± 
1.0 × 10
-5
 kg and volume difference with an accuracy of ± 1.0 × 10
-6
 m
3
 during the 
preliminary investigations.  GC also was used to determine the volume of brine in each 
sliced section of a column during the two- and three-phase measurements.  Swi can be 
calculated by Eq. 11 (see appendix C). 
4.4.9 Initial oil saturation (Soi) 
The initial oil saturation, Soi, was measured via GC during the two-phase investigations.  
In the three-phase experiments, Soi was measured by combined both MB and GC to 
obtain the Soi profile for a single sliced section.  Soi was calculated by using Eq. 29 (see 
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appendix C) for two-phase measurements and Eq. 49 (see appendix C) for three-phase 
measurements. 
4.4.10 Initial gas saturation (Sgi) 
MB was used to measure the initial gas saturation, Sgi, for the two-phase measurements.  
As for the three-phase experiments, Sgi was obtained through a combination of GC and 
MB for each sliced section.  Eq. 40 and Eq. 55 (see appendix C) were used to calculate Sgi 
for two- and three-phase measurements respectively. 
4.4.11 Residual oil saturation (Sor) 
The residual oil saturation, Sor, was measured via MB with an accuracy of ± 1.0 × 10
-5
 kg 
and VB with an accuracy of ± 1.0 × 10
-6
 m
3
 in the early stages of this work.  Later on, Sor 
was calculated via GC during the two-phase measurements.  A combination of MB and 
GC were used to obtain Sor profiles in the three-phase calculations.  Sor can be calculated 
by Eq. 13 (see appendix C).  Eq. 30 and Eq. 50 (see appendix C) were used to calculate Sor 
for two- and three-phase measurements respectively. 
4.4.12 Residual gas saturation (Sgr) 
During the preliminary measurements, Sgr was measured via MB with an accuracy of ± 
1.0 × 10
-5
 kg and VB with an accuracy of ± 1.0 × 10
-6
 m
3
.  For two- and three-phase 
measurements, the same procedure as described for Sor was followed.  Sgr can be 
calculated by Eq. 15 (see appendix C).  Eq. 42 and Eq. 56 (see appendix C) were used to 
calculate Sgr for two- and three-phase measurements respectively. 
4.4.13 Experimental test procedure 
In this section, three different step-by-step test procedures are given.  The first section 
describes drainage-imbibition end point measurements (see section 4.4.13.1).  The 
second section describes the procedures for buoyancy-driven two-phase systems (oil-
  83 
water and gas-water systems, see section 4.4.13.2).  The third section outlines the 
gravity drainage measurements for the three-phase systems (oil-gas-water) 
measurements (see section 4.4.13.3).  
4.4.13.1 End point test procedures  
A step-by step description of the test procedures is given below.  Two test procedures 
were conducted; one was for the oil-water drainage-imbibition system and the other 
one was for the gas-water buoyancy –driven system.  VB and MB were used to measure 
the static rock properties and the dynamic properties.   
4.4.13.1.1 Initial and residual oil saturation procedure (oil-water system) 
1. Two columns dry packed with LV60 sand. 
2. By recording the mass difference before and after packing, the porosity was 
calculated via the grain size route.  
3. The column was flushed with CO2 for 45 minutes prior to injection of brine to 
displace air.  Since CO2 is soluble in water, this method ensures that all trapped 
gas is completely removed (see section 4.3.2).  
4. The column was oriented horizontally. 
5. 5 pore volumes (PV) of de-aired brine as the wetting phase fluid were injected 
into the sand-packed column at a flow rate of 8.33 × 10
-8
 m
3
.s
-1
 and allowing gas 
to escape from the outlet.  This ensured full saturation. 
6. The absolute permeability was measured for three different flow rates, 5 × 10-8, 
1.67 × 10-8 and 8.33 × 10-8 m3.s-1.  Three readings for each flow rate, each point 
after 30-40 minutes, were recorded after the pressure drop stabilized. 
7. The brine volume produced was measured. 
8. The column was weighed.  From the difference in weight before and after 
flooding, the volume of brine in the column was calculated and compared with 
the measured volume of brine in step 5 to ensure accuracy.  The porosity was 
calculated via the pore volume route with the brine volumes measured under 
point 5 and 6. 
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9. 5 PV of de-aired n-octane as the non-wetting phase fluid were injected into the 
saturated column at a flow rate of 8.33 × 10
-8
 m
3
.s
-1
 (primary drainage). 
10. Brine and octane volumes produced were measured. 
11. The column was weighed.  From the difference in weight before and after 
octane flooding, the volume of octane in the column was calculated and 
compared with the measured volume of octane in step 9 to ensure accuracy.  
Swi was calculated in two ways – via volume and mass balance. 
12. 5 PV of the de-aired brine was injected to displace the non-wetting phase using 
the same flow rate (secondary imbibition). 
13. Brine and octane volumes produced were recorded. 
14. The column was weighed.  Sor was calculated in an analogous way to Swi (cp. 
step 11). 
15. The flow measurements were then terminated, the column and end caps were 
cleaned, and another experiment was started.  
16. Calculation of results.  
4.4.13.1.2 Initial and residual gas saturation procedure (gas-water system) 
1. Two columns dry packed with LV60 sand.  
2. Steps 1, 2 and 3 in section 4.4.15.1.1 were followed.  
3. The column was oriented vertically. 
4. 5 PV of de-aired brine as the wetting phase fluid were injected into the sand-
packed column at a flow rate of 8.33 × 10
-8
 m
3
.s
-1
 from the bottom of the 
column, allowing gas to escape from the top.   
5. The saturated column was weighed.  From the difference in weight before and 
after flooding, the volume of brine in the column was calculated. The porosity 
was calculated in two ways – via the grain volume route and the pore volume 
route. 
6. The bottom valve was opened to allow brine drainage under gravity. 
7. The top valve was opened to allow air (as the non-wetting phase) to enter into 
the column for 100 minutes. 
8. The column was inverted by 180° after a constant mass was observed to 
remove end effects and to allow even distribution of the brine in the column.  
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9. The column was weighed.  From the difference in weight before and after air 
flooding, Swi was calculated by mass balance. 
10. 5 PV of the de-aired brine was injected to displace the non-wetting phase using 
a flow rate of 8.33 × 10
-8
 m
3
.s
-1
 (secondary imbibition). 
11. The column was weighed and Sgr was calculated. 
12. The flow measurements were then terminated, the column and end caps were 
cleaned, and another experiment was started. 
13. Calculation of results.  
4.4.13.2 Two-phase trapping test procedures 
A step-by-step description of the test procedures is given below.  In addition to VB and 
MB, GC was used to measure saturation profiles for the oil-water system.  GC delivered 
a high level of accuracy.  Different volumes of n-octane were injected from the top of a 
column which was positioned vertically in each experiment.  However, only MB was 
used for the air-water system.  Air was allowed to enter the top of a column in each 
case.  
4.4.13.2.1 Initial and residual oil saturation procedure (oil-water system) 
1. Two columns dry packed with LV60 sand. 
2. The column was flushed with CO2 for 45 minutes prior to injection of brine to 
displace air.  Since CO2 is soluble in water, this method ensures that all trapped 
gas is completely removed (see section 4.3.2).  
3. The column was oriented vertically. 
4. 5 PV of de-aired brine as the wetting phase fluid were injected from the bottom 
into the sand-packed column at a flow rate of 8.33 × 10
-8
 m
3
.s
-1
 and allowing gas 
to escape from the outlet.  This ensured full saturation. 
5. The column was weighed and from the mass difference before and after 
flooding, the PV was calculated. 
6. The desired volume of de-aired n-octane (30mL, 50mL, 80mL, or 500mL) as the 
non-wetting phase fluid was injected from the top into the saturated column at 
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a flow rate of 8.33 × 10-9 m3.s-1 (primary drainage).  This was performed to 
reach Soi. 
7. Brine and octane volumes produced were measured. 
8. The column was then inverted by 180° to allow buoyancy flow migration in 
order to investigate the full range of initial oil saturations.   
9. The column was weighed.  From the difference in weight before and after 
octane flooding, the volume of octane in the column was calculated.  Soi can be 
calculated by MB at this stage if necessary.  
10. For Soi measurements, the columns were sliced up into 20 sections and the 2 
end sections were discarded.  
11. The remaining 18 sections were flushed into a glass container using 0.01 kg of 
propan-2-ol. 
12. The 18 stored samples were then filtrated to remove sand approximately and 1 
to 2 × 10
-6
 m
3
 of the filtrate sample was transferred into a GC vial. 
13. The 18 vial were to be analyzed by GC.  
14. For Sor measurements, 5 PV of the de-aired brine was injected to displace the 
non-wetting phase using the same flow rate (secondary imbibition).  This was 
performed to reach Sor.  
15. Repeat steps 10-13 for measuring Sor.  
16. The flow measurements were then terminated, the column and end caps were 
cleaned, and another experiment was started.  
17. Calculation of results.   
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4.4.13.2.2 Initial and residual gas saturation procedure (gas-water system) 
1. Two columns dry packed with LV60 sand. 
2. The column was flushed with CO2 for 45 minutes prior to injection of brine to 
displace air.  Since CO2 is soluble in water, this method ensures that all trapped 
gas is completely removed (see section 4.3.2).  
3. The column was oriented vertically. 
4. 5 PV of de-aired brine as the wetting phase fluid were injected from the bottom 
into the sand-packed column at a flow rate of 8.33 × 10
-8
 m
3
.s
-1
 and allowing gas 
to escape from the outlet.  This ensured full saturation. 
5. The column was weighed and from the mass difference before and after 
flooding, the PV was calculated. 
6. The top valve was opened to allow air (as the non-wetting phase) to enter into 
the column for 210 minutes. 
7. The bottom valve was opened to allow brine drainage under gravity (primary 
drainage).  This was performed to reach Sgi. 
8. The column was left to drain for three hours and thirty minutes.  
9. Brine volume produced was measured. 
10. The column was weighed.  
11. For Sgi measurements, the column were sliced up into 20 sections with the 2 
end sections were discarded. 
12. The remaining 18 sections filled with sand, brine and air were weighed.  
13. Sand was recovered and washed with de-ionized water. 
14. Dry mass of sand was measured. 
15. Each empty clean column section was weighed. 
16. Measure VB of each column section. 
17. For Sgr measurements, 5 PV of the de-aired brine was injected to displace the 
non-wetting phase using a flow rate of 8.33 × 10
-8
 m
3
.s
-1
 (secondary imbibition).  
This was performed to reach Sgr.  
18. Repeat steps 11-16 for measuring Sgr.  
19. The flow measurements were then terminated, the column and end caps were 
cleaned, and another experiment was started.  
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20. Calculation of results.  
4.4.13.3 Three-phase trapping test procedure 
A step-by-step description of the test procedure is given below.  Three experiments 
were carried out with different drainage times.  Each experiment consisted of one set of 
Soi/Sgi measurements and one set of Sor/Sgr measurements; each set consisted of three 
replicates; each replicate was performed with a new sand-packed column, the drainage 
times investigated were 17 hours, 2 hours and 30 minutes.  GC and MB were combined 
to measure the non-wetting phase saturation profiles.  One experiment was performed 
with a flow rate of 8.33 × 10
-9
 m
3
.s
-1
 to investigate rate effects.  
 
4.4.13.3.1 Initial-residual saturations test procedure (oil-gas-water system) 
1. Two columns dry packed with LV60 sand. 
2. The column was flushed with CO2 for 45 minutes prior to injection of brine to 
displace air.  Since CO2 is soluble in water, this method ensures that all trapped 
gas is completely removed (see section 4.3.2).  
3. The column was oriented vertically. 
4. 5 PV of de-aired brine as the wetting phase fluid were injected from the bottom 
into the sand-packed column at a flow rate of 8.33 × 10
-8
 m
3
.s
-1
 to allow gas to 
escape from the outlet.  This ensured full saturation. 
5. The column was weighed and from the mass difference before and after 
flooding, the PV was calculated. 
6. The column was oriented horizontally. 
7. 5 PV of de-aired n-octane as the non-wetting phase fluid was injected into the 
saturated column at a flow rate of 8.33 × 10
-8
 m
3
.s
-1
 (primary drainage).  This 
was performed to reach Soi. 
8. Brine and octane volumes produced were measured. 
9. The column was weighed.  Soi can be calculated by MB at this stage if necessary. 
10. The column was oriented vertically. 
11. Air was saturated with n-octane using an air pump for 5 hours. 
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12. The top valve was opened to allow saturated air (as the non-wetting phase) to 
enter into the column. 
13. The bottom valve was opened to allow brine and octane drainage under gravity 
(primary drainage).  This was performed to reach Sgi. 
14. The column was left to drain for desired drainage duration (17h, 2h, and 0.5h).  
15. Brine and octane volumes produced were measured. 
16. The column was weighed.  
17. For Sgi and Soi measurements, the column was sliced up into 20 sections and the 
2 end sections were discarded.  
18. The remaining 18 sections filled with sand, brine and air were weighed.  
19. The 18 sections were flushed into a glass container using 0.01 kg of propan-2-
ol.  
20. The 18 stored samples were then filtrated to remove sand approximately 1 to 2 
× 10
-6
 m
3
 of the filtrate sample was placed in a numbered GC vial. 
21. The 18 vial were analyzed by GC.  
22. Sand was carefully recovered and washed with de-ionized water. 
23. Dry mass of sand was measured. 
24. Weighed each empty clean column section. 
25. Measure VB of each column section. 
26. For Sgr and Sor measurements, 5 PV of the de-aired brine was injected from the 
bottom into the column which was positioned vertically to displace the non-
wetting phase using the same flow rate (secondary imbibition).  This was 
performed to reach Sgr and Sor.  
27. Repeat steps 16-25 for measuring Sgr and Sor.  
28. The flow measurements were then terminated, the column and end caps were 
cleaned, and another experiment was started.  
29. Calculation of results.  
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4.5 Summary 
In this chapter, we provided full descriptions of the apparatus used and the materials 
associated with the experimental work.  We also provided step-by-step procedures for 
end point measurements, capillary trapping two-phase (oil-water and gas-water) and 
three-phase measurements.  Moreover, we also provided a set of formulae for each 
step of the performed experiments.  Finally, capillary trapping curves can be plotted 
using the equations given above. 
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Chapter 5  
 
Two-phase measurements of non-
wetting phase trapping in sand packs 
5.1 Introduction 
We measure the trapped non-wetting phase saturation as a function of the initial 
saturation in sand packs.  The application of the work is for CO2 storage in aquifers – 
where capillary trapping is a rapid and effective mechanism to render injected CO2 
immobile.  The CO2 is injected into the formation followed by chase brine injection, or 
natural groundwater flow, which displaces and traps CO2 on the pore scale as a residual 
immobile phase.   
 
Current models to predict the amount of trapping are based on experiments in 
consolidated media with analogue fluid systems.  While CO2 is likely to be injected at 
depths greater than 800 m to render it super-critical, it may be injected into formations 
that tend to have higher porosities and permeabilities than deeper oilfield formations.   
 
In our experiments we use analogue fluid systems at ambient conditions.  Both oil-water 
and gas-water systems are investigated in order to probe different characteristics of 
super-critical CO2.  The experiments establish saturation states by displacement 
representative of real reservoir flow conditions.  The trapped saturations initially rise 
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linearly with initial saturation to a value of 0.11 for the oil system and 0.14 for the gas 
system.  There then follows a period where the residual saturation is constant with 
further increases in initial saturation.  This behaviour is not predicted by the traditional 
literature trapping models, but is physically consistent with poorly consolidated media 
where most of the larger pores can easily be invaded at relatively low saturation and 
there is, overall, relatively little trapping.  The best match to our experimental data was 
achieved with the trapping model proposed by Aissaoui [2]. 
 
In this chapter, there are six main sections.  The first section reviews the two-phase 
capillary trapping.  The second section covers the end point saturations.  The third 
section covers the oil-water system measurements and the fourth presents the gas-
water system measurements.  The fifth section compares between oil-water and gas-
water systems.  The last section covers the discussion and conclusions. 
5.2 Literature review of two-phase capillary trapping 
Capillary trapping has been measured in oil-water, gas-water and three-phase gas-
water-oil systems; Figs. 5.1 and 5.2 show a compilation of two-phase data in the 
literature [32, 35, 38, 39, 56, 80, 90, 93, 97, 104, 108, 111, 113, 130, 144, 153] while 
Table 5.1 gives a summary of the associated parameters for each study.  Fig. 5.3 shows a 
successful correlation in the literature between S(nw)r and porosity φ [2, 39, 54, 81, 101, 
113, 117].   
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Figure  5.1:  Database of residual non-wetting phase saturation S(nw)r versus initial 
non-wetting phase saturations S(nw)i in the literature. 
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Figure  5.2:  Database of trapping capacity φS(nw)r versus initial non-wetting phase 
saturation Snwi in the literature. 
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Author Fluid System Rock System 
Geffen et al., 1952 gas/water consolidated sandstone 
Chierici et al., 1963 gas/water unconsolidated & consolidated sandstone 
Crowell et al., 1966 gas/water consolidated sandstone 
Land, 1971 gas/oil consolidated sandstone and Alundum 
McKay, 1974 gas/water consolidated sandstone 
Delclaud, 1991 gas/water unconsolidated & consolidated sandstone 
Ma & Youngren, 1994 gas/water consolidated sandstone 
Kleppe et al., 1997 gas/water artificial consolidated material (Aerolithe) 
Jerauld, 1997 gas/water & gas/oil consolidated sandstone 
Kralik et al., 2000 gas/water consolidated sandstone 
Kantzas et al., 2001 gas/water consolidated sandstone 
Skauge et al., 2002 gas/water consolidated sand 
Maloney et al., 2002 gas/water consolidated sand 
Suzanne et al., 2003 gas/water consolidated sandstone 
Caubit et al., 2004 gas/water consolidated sand 
Plug, 2007 gas/water unconsolidated sand 
Table  5.1:  Summary of experimental systems published in the literature and displayed 
in Figs. 5.1 and 5.2. 
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Figure  5.3:  Database of S(nw)r versus porosity in the literature.  
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No clear trends emerge from a study of Figs. 5.1 and 5.2, since the trapped saturation 
depends on the details of the pore structure and the contact angle between the phases.  
For CO2 storage applications, it is not the residual saturation itself that is of interest, but 
the fraction of the rock volume that contains trapped phase.  We define the trapping 
capacity as the fraction of the total volume of the porous medium that can be occupied 
by the trapped residual non-wetting phase saturation: φS(nw)r where φ is the porosity and 
S(nw)r is the residual saturation: this data is presented in Fig. 5.2.  Plotting the data in this 
way slightly decreases the scatter for low initial saturations.  The trapping capacity 
increases approximately linearly with initial saturation until an initial saturation of 
around 50%.  Beyond this there is considerable scatter, with most of the data indicating 
a maximum trapping capacity of between 4 and 10%. 
 
Based on this data, several models to predict the trend of trapped saturation have been 
proposed.  Land (1968) [103], building upon the work of Geffen et al. (1952) [56], Naar 
and Henderson (1961) [118] and Agarwal (1967) [1], proposed a relationship between 
the trapped gas saturation and the initial gas saturation.  This was based upon 
experimental data for consolidated media (see Eq. 3.1, section 3.6). 
 
Jerauld (1997) [81] extended Land’s relationship proposing a “zero slope” adaptation to 
match trapped gas saturation data from the mixed-wet Prudhoe Bay oil field in Alaska 
(see Eq. 3.3, section 3.6) . 
 
Another adaptation of Land’s relationship was proposed by Ma and Youngren (1994) 
[108] based on an oil-wet experimental data set from the Kuparuk River Unit in Alaska.  
Ma and Youngren observed that at higher initial gas saturations there was a sharp 
leveling off of the trapped gas saturation.  This led to the introduction of two empirically 
derived curve fitting constants, a and b, where b=1 and a=C in Land’s original 
correlation: 
 ( )b*gi
*
gi*
gr
Sa1
S
S
+
=         5.1 
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Other studies by Kleppe et al. (1997) [93] and Suzanne et al. (2003) [153] have 
questioned the validity of applying Land’s trapping relationship to rock/fluid systems 
other than those analyzed by Land – consolidated rock with a strongly water-wet gas-
liquid system where the initial saturation was established by evaporation, rather than by 
displacement.  A shortcoming of the Land Eq. 3.1 is that it is based upon the ‘end point’ 
only ( maxgiS ,
max
grS ).  There is no scope to tune the shape of the curve itself.  Jerauld’s and 
Ma and Youngren’s adaptation of the Land curve went some way to tackling this 
limitation, but – as we show later – does not match all the available data accurately. 
 
Kleppe et al.’s data, based on an artificial core (Aerolith 10, 43% porosity) did not fit 
Land’s trapping curve.  The following linear relationship was proposed to match the 
experiments [93]: 
 
max
grmax
gr
gi
gr SS
S
S =         5.2 
Note that Eq. 5.2, unlike the previous correlations, is not based upon effective 
saturations. 
 
Kleppe et al.’s proposal of a linear relationship is in agreement with the findings of 
Aissaoui (1983).  Aissaoui’s [2] proposed trapping relationship, described below, was 
found to be the best match to Suzanne et al.’s extensive experimental data set.  It 
features two linear components.  Initially Sgr increases linearly with Sgi before plateauing 
out at maxgrS  
 If gcgi SS <   then   gi
gc
max
gr
gr SS
S
S =  ; else  maxgrgr SS =  ,    5.3 
where Sgc is the critical gas saturation corresponding to the point where the maximum 
trapped saturation is reached.  
 
Another approach to the prediction of trapped saturation is the use of pore-scale 
modelling.  Spiteri et al. (2005) [146] used a pore-network model developed by Valvatne 
and Blunt (2004) [162] to predict the trapped saturation as a function of initial 
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saturation and average contact angle.  Their model matched the residual saturation 
measured on Berea sandstone by Oak (1990) [119].  They matched the simulated trend 
of trapped saturation for a given contact angle distribution as a quadratic function of 
initial saturation: 
 
2
oioior SSS βα −=   5.4 
 
where α and β are contact-angle dependent coefficients. 
 
Attempts to correlate S(nw)r with distribution of pore entry radius and several 
combinations of porosity and permeability were unsuccessful [65, 153].  Chierici et al. 
[35] failed to correlate S(nw)r values with porosity, permeability or Swi.  In Fig. 5.3 authors 
have put in evidence one relationship between maximum S(nw)r and φ: as porosity 
decreases, the maximum S(nw)r increases.  Suzanne et al. [153-155] has presented 
experimental results showing that S(nw)r may also decrease when porosity decreases.   
 
Recently, Gittins [57, 58] working in our laboratory at Imperial College has conducted 
experiments on a range unconsolidated sands.  His aim was to obtain a range of residual 
saturations and trapping capacities from homogeneous unconsolidated sands.  These 
measurements are presented along with other literature data in Fig. 5.18.  
 
To recap, the early studies of trapping focused on gas-water systems in consolidated 
media.  Our experiments will focus on application to super-critical CO2 storage in poorly 
consolidated formations that probe a range of behaviour for high-porosity liquid-liquid 
systems which has not been studied in detail previously.   
 
 
   98 
5.3 Results 
In this section, all results obtained will be presented in three sub-sections; one 
represents the drainage-imbibition end point measurements (see section 5.3.1), one 
covers the oil-water system measurements (see section 5.3.2) and one presents the gas-
water system measurements (see section 5.3.3). 
5.3.1 Results: drainage-imbibition end point saturations 
We measured the static rock properties and the dynamic properties of LV60.  VB and 
MB were used to obtain saturation values.  Fig. 4.1 was used to perform all the 
experiments in a horizontal position.  Each experiment consists of three replicates to 
assist our reproducibility and the accuracy of our results.  We also scanned LV60 using 
the micro-CT scanner at Imperial College London.   
5.3.1.1 Capillary number 
Table 5.2 gives the phase injection rates, Darcy velocities and capillary numbers 
associated with these experiments.  Table 5.3 gives the associated parameters that were 
used to calculate Darcy velocity and capillary number.   
 
Phase Injected Injection Rate Darcy Velocity Capillary Number 
n-octane 0.5 mL/min 7.17 × 10-5 m/s 1 × 10-6 
n-octane 5 mL/min 7.17 × 10-4 m/s 1 × 10-5 
Brine 5 mL/min 7.17 × 10-4 m/s 2 × 10-5 
Table  5.2:  Injection conditions associated with each experiment for two-phase systems. 
 
 
   99 
Parameter Viscosity (Pa.s) Density (kg.m-3) Interfacial tension (mN/m) 
Octane * 5.10 × 10-4  708 51 (octane/brine) 
Brine ** 1.085 × 10-3  1040 70 (brine/air) 
scCO2 *** 5.8 × 10-5 710 25 (CO2/brine) 
Air 1.88 × 10-5 1.2 22 (octane/air) 
Table  5.3:  Octane and brine properties at ambient conditions of 0.101 MPa and 293.15 
K unless stated (density figures averaged over 15 experiments). 
* Reference temperature 298.15 K (CRC Handbook, 2007). 
** 5 weight % NaCl Brine (no KCl present) (CRC Handbook, 2007). 
*** Supercritical CO2 at reservoir conditions [36]. 
5.3.1.2 Static rock properties 
5.3.1.2.1 Grain size and shape 
CT Scan and Grain Properties of 
LV60
5mm 3.52Sphericity Score
2.81Roundness Score
0.5Grain Size Distribution
262Mean Grain Size (microns)
1.93Mean Grain Size (Φg)
LV60
 
Figure  5.4:  CT image and properties of LV60 taken at Imperial College London. 
   100 
5.3.1.2.2 Porosity 
Table 5.4 shows the measured porosities using different methods that were obtained 
from three different experiments.  The mean porosity was 36.96% (± 0.21%). 
 
Porosity 
Experiment number 
Replicate 1 Replicate 2 Replicate 3 
1 37.21% 36.99% 36.99% 
2 37.31% 37.08% 36.81% 
3 --- 35.82% 36.72% 
4 --- 37.02% 37.02% 
Mean 37.26% 36.73% 36.88% 
Table  5.4: Measured porosities for LV60. 
5.3.1.2.3 Permeability 
Table 5.5 presents the measured permeabilities of three LV60 replicates; the mean  
permeability was 3.18 x 10
-11
 m
2
 and 32 Darcy (± 3.0x10
-13
 m
2
). 
 
Flow Rate Replicate 1 Replicate 2 Replicate 3 
q 
m3/s 
∆p, 
Pa 
k, 
Darcy 
k, 
m2 
∆p, 
Pa 
k, 
Darcy 
k, 
m2 
∆p, 
Pa 
k, 
Darcy 
k, 
m2 
8.33E-8 9.38E+3 32.37 3.28E-11 9.72E+3 31.22 3.16E-11 9.86E+3 30.78 3.12E-11 
5.00E-8 5.65E+3 32.21 3.26E-11 5.93E+3 30.71 3.11E-11 5.93E+3 30.71 3.11E-11 
1.67E-8 1.86E+3 32.61 3.30E-11 1.93E+3 31.44 3.19E-11 2.00E+3 30.36 3.08E-11 
Table  5.5:  Measured permeabilities for three replicates. 
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5.3.1.3 Dynamic properties 
5.3.1.3.1 Residual oil saturation experiments 
5.3.1.3.1.1 Initial water saturation, Swi  
Table 5.6 shows the measured initial water saturations of the three replicates from mass 
and volume differences and the mean initial water saturation which was 27.0% (± 0.2%). 
 
Swi Replicate 1 Replicate 2 Replicate 3 
Mass Balance 26.96% 28.62% 28.51% 
Volume Balance 26.26% 25.18% 25.57% 
Mean Swi 26.61% 26.90% 27.04% 
Table  5.6:  Measured initial water saturations for three replicates. 
5.3.1.3.1.2 Residual oil saturation, Sor  
Table 5.7 shows the measured residual oil saturations of the three replicates from mass 
and volume differences and the mean residual oil saturation which was 13.0% (± 0.4%). 
 
Sor Replicate 1 Replicate 2 Replicate 3 
Mass Balance 12.79% 13.52% 12.62% 
Volume Balance 13.16% 13.64% 12.57% 
Mean Sor 12.98% 13.58% 12.59% 
Table  5.7:  Measured residual oil saturations for three replicates of LV60. 
5.3.1.3.2 Residual gas saturation experiments 
5.3.1.3.2.1 Initial water saturation, Swi  
Table 5.8 shows the measured initial water saturations of the three replicates from mass 
differences and the mean initial water saturation which was 42.6% (± 2.3 %). 
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Swi Drainage Time Replicate 1 Replicate 2 Replicate 3 Mean 
Mass Balance 1.5 hrs 42.06% 45.89% 40.00% 42.65% 
Table  5.8:  Measured initial water saturations for three replicates. 
5.3.1.3.2.2 Residual gas saturation, Sgr 
Table 5.9 shows the measured residual gas saturations of the three replicates from mass 
differences and the mean residual gas saturation which is 13.7% (± 0.2%). 
 
Sgr Drainage Time Replicate 1 Replicate 2 Replicate 3 Mean 
Mass Balance 1.5 hrs 13.44% 13.65% 14.06% 13.72% 
Table  5.9:  Measured residual gas saturations for three replicates. 
In these experiments the average saturations along a horizontally-oriented column were 
measured using volume or mass balance.  In the subsequent sections, we will measure 
trapped saturation as a function of initial saturation where the column is sliced along its 
length and saturations are measured as a function of distance along the column.  We 
will find that the maximum trapped gas saturation is consistent with the measurements 
presented here, but that we find a significantly lower maximum trapped oil saturation.  
This may be because some mobile oil is still retained in the system, near the ends, or in 
the end-caps, which affects the results.  The measurement of oil saturation using GC is 
more sensitive and accurate, and implies that the trapped oil saturation estimated here 
at 13% is an over-estimate – later we show that the maximum trapped saturation is 
closer to 11% for an oil-water saturation. 
5.3.2 Results: oil-water measurements 
In total four experiments were performed.  Each experiment consists of one set of Soi 
measurements and one set of Sor measurements.  In three experiments octane was 
injected into a vertical column, while the fourth used horizontal injection.  In each 
experiment the volume of octane injected varied to probe the full range of initial oil 
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saturations.  In two experiments three replicates were performed to find both Soi and 
Sor.  Table 5.10 outlines the experiments performed and their associated parameters. 
 
Experiment 
 Number 
Experiment 
 Name 
Sand  
Pack 
Orientation 
Number 
of 
PV 
Volume  
of  
Octane Injected 
Volume  
of  
Brine Injected 
Number  
of  
Replicates 
1 Soi – 30mL Vertical 5 30 mL 0 mL 3 
1 Sor – 30mL Vertical 5 30 mL 450 mL 3 
2 Soi – 50mL Vertical 5 50 mL 0 mL 3 
2 Sor – 50mL Vertical 5 50 mL 450 mL 3 
3 Soi – 80mL Vertical 5 80 mL 0 mL 1 
3 Sor – 80mL Vertical 5 80 mL 450 mL 1 
4 Soi – 500mL Horizontal 5 500 mL 0 mL 1 
4 Sor – 500mL Horizontal 5 500 mL 450 mL 1 
Table  5.10:  Experiments and associated parameters for oil-water measurements. 
 
Fig. 5.5-8 show the measured saturation profiles while Fig. 5.9 shows the inferred 
trapping curve.  The four experiments cover different ranges of Soi: in experiment 1 it 
ranges from 1.6% to 49.9%; 1.1% to 73.9% in experiment 2; 50.1% to 78.9% in 
experiment 3; and 70.0% to 80.4% for experiment 4.  The error bars shown in Fig. 5.9 
are based on the standard deviation from experiments 1 and 2 where three replicates 
were performed for each of the Soi and Sor data sets. 
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Figure  5.5:  Experiment 1: vertical 30 mL oil injection.  Three Soi replicates and three 
Sor replicates are shown: the lines to the right show the initial conditions, 
while the lines to the left show the trapped oil saturation.  
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Figure  5.6:  Experiment 2: vertical 50 mL oil injection.  Three Soi replicates and three 
Sor replicates are shown: the lines to the right show the initial conditions, 
while the lines to the left show the trapped oil saturation. 
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Figure  5.7:  Experiment 3: vertical 80 mL oil injection.  One Soi replicate and one Sor 
replicate are shown: the lines to the right show the initial conditions, 
while the lines to the left show the trapped oil saturation. 
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Figure  5.8:  Experiment 4: horizontal 500 mL oil injection.  One Soi replicate and one 
Sor replicate are shown: the lines to the right show the initial conditions, 
while the lines to the left show the trapped oil saturation. 
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Figure  5.9:  Experimental trapping oil curve showing results from all four 
experiments. 
Fig. 5.10 compares our data with the correlations proposed in the literature that were 
discussed previously: we used our data to find the parameters in the various 
correlations.  It is evident that the best fit is given by Aissaoui’s law (Eq. 5.3 with o for oil 
substituted for g), with an initial linear increase in Sor to 
max
orS =11.3% at Soc= 50% 
followed by a constant Sor.  
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Figure  5.10:  Comparison between the experimental oil trapping data and empirical 
trapping equations in the literature.  
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5.3.3 Results: gas-water measurements 
We performed two set of experiments to obtain the gas saturation profiles.  Three 
replicates were performed for the set of Sgi measurements and two replicates were 
carried out for the set of Sgr measurements.  In all the experiments, the inlet and outlet 
at the top and the bottom of the sand-packed column were opened so that air migrated 
into the vertical column by gravity for 3.5 hours.  Table 5.11 summarizes the 
experiments performed and their associated parameters. 
 
Experiment 
Number 
Experiment 
Name 
Sand  
Pack  
Orientation 
Number 
of 
PV 
Time  
of 
 Drainage 
Volume  
of  
Brine Injected 
Number  
of  
Replicates 
1 Sgi  Vertical 5 3.5 hrs 0 mL 3 
1 Sgr Vertical 5 3.3 hrs 500 mL 2 
Table  5.11:  Experiments and associated parameters for gas-water measurements. 
 
Fig. 5.11-13 show the measured saturation profiles while Fig. 5.14 shows the inferred 
trapping curve.  The experiments cover different ranges of Sgi from 9.3% to 74%.  The 
error bars shown in Fig. 5.14 are based on the standard deviation from the carried out 
experiments where replicates were performed for each of the Sgi and Sgr data sets. 
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Figure  5.11:  Three S(nw)i replicates are shown: the blue lines to the right show the 
initial water conditions, while the brown lines to the left show the initial 
gas saturation. 
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Figure  5.12:  Two S(nw)r replicates are shown: the blue lines to the right show the 
residual water conditions, while the brown lines to the left show the 
trapped gas saturation. 
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Figure  5.13:  Gas saturation profiles.  Three Sgi replicates and two Sgr replicates are 
shown: the lines to the right show the initial conditions, while the lines to 
the left show the trapped gas saturation. 
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Figure  5.14:  Experimental trapping gas curve showing results from all experiments. 
The best fit is given by Aissaoui’s law (Eq. 5.3 with o for oil substituted for g), with an 
initial linear increase in Sgr to 
max
grS =14% at Sgc= 20% followed by a constant Sgr. 
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5.4 Comparison between oil-water and gas-water systems 
Figs. 5.15 and 5.16 show the published values of residual non-wetting phase saturation 
and trapping capacity compared to our experimental data.  Our results are lower than 
the most of the residual saturations published for consolidated materials.  For 
unconsolidated sand, our data is at the lower end of the range, as expected since our 
systems have a relatively high porosity and a fairly homogeneous grain size distribution.  
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Figure  5.15:  Our results compared to the database of residual non-wetting phase 
saturation S(nw)r versus initial non-wetting phase saturations S(nw)i in the 
literature. 
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Figure  5.16:  Our results compared to the database of trapping capacity φS(nw)r versus 
initial non-wetting phase saturation Snwi in the literature. 
 
Fig. 5.17 shows both trapping curves with fits to Aissaoui’s correlation [2], with an initial 
linear increase in Sor to 
max
orS  =11.3% at Soc = 50% by constant Sor for an oil-water system; 
and a linear increase in Sgr to 
max
grS  = 14% at Scg = 20% followed by a constant Sgr for a 
gas-water system. 
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Figure  5.17:  Comparison of the experimental gas and oil trapping data. 
 
Fig. 5.18 shows the maximum residual saturation plotted as a function of porosity.  Our 
results are shown together with additional oil-water measurements on five different 
unconsolidated sands [57].  These results clearly follow the trend and give low values of 
residual saturation, consistent with the relatively high porosities of the samples.   
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Figure  5.18:  Our results compared to the database of S(nw)r versus porosity in the 
literature. 
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5.5 Discussion and conclusions 
We have measured the trend of both residual oil and residual gas saturations against 
initial saturation in unconsolidated sand packs.  We found relatively low residual 
saturations; in the high-porosity homogeneous pore space, waterflooding at the pore 
scale proceeds as a uniform advance controlled by cooperative pore filling with little 
snap-off and trapping [162].  The residual saturations increased linearly with initial 
saturation until a maximum of 11.3% for oil and 14% for gas was reached for initial 
saturation of approximately 50% and 20% respectively.  The most important figure 
regarding the CO2 storage is the trapping capacity.  The observed maximum trapping 
capacities were φSor = 4.1% and φSgr = 5.2%.   
 
At 50% oil (20% gas) saturation, the non-wetting phase is able to occupy all the larger 
pore spaces in which it will be trapped during waterflooding – invasion of smaller pores 
during primary drainage does not increase the residual saturation since the non-wetting 
phase will be displaced from these regions.  This is in contrast to highly consolidated 
media with a wide pore size distribution, where the non-wetting phase can be trapped 
in small pores that are only filled at high initial saturations.  The Land trapping model 
[103] does not give good predictions of the trapped saturation for unconsolidated 
media; instead the linear Aissaoui’s correlation [2] is a good match to the data.  
 
To place this discussion in context, we will compare the pore space of two porous 
media: our LV60 sand and Berea sandstone, that has been used as a benchmark for 
experimental and pore-scale modelling studies by many authors [43, 156]. 
 
The experimental data for LV60 as mentioned previously shows a porosity of 36.7% 
±0.2% and permeability of 32.2 D ± 0.3D.  The formation factor was determined from 
electrical resistivity measurements.  The experimental formation factor is 4.8 [156].  In 
addition, micro-CT images of three samples of LV60 sand, LV60A, LV60B and LV60C, 
were made, from which pore-networks were constructed using a maximal ball algorithm 
[43].  The results from LV60A are shown only since the others give very similar results.  
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For comparison we will compare these networks with a standard network derived from 
Berea sandstone [121, 122] that has been used extensively in pore-scale modelling 
studies [128, 129, 162].  This network has a lower porosity of 18.3% and permeability of 
2.7D.  Table 5.12 shows the porosity, permeability, number of pores, number of throats, 
and average coordination number for LV60 and Berea sandstone networks.  Table 5.13 
shows the maximum residual non-wetting phase saturations measured on Berea 
sandstones, similar to those from which the network was derived [119] and LV60 (this 
work).  The residual saturations obtained experimentally can also be predicted using 
pore-scale modelling with appropriate assignment of contact angle during waterflooding 
[128, 129, 162] .  Figs. 5.19 and 5.20 show the pore and throat size distributions for the 
two systems respectively, while Fig. 5.21 compares the pore-throat aspect ratios.   
 
The porosity of the sandpacks (3.81 cm in diameter and 10 cm in length) used in the 
micro-CT experiments and inferred from the images is similar to that obtained by direct 
measurement on our larger packs (2 cm in diameter and 100 cm in length).  The micro-
CT images show that the grains of LV60 sand pack have rough surfaces; the measured 
grain size distribution measured from sieve analysis is shown in Fig. 4.11. 
 
Sample/Parameter Porosity Permeability (D) Pores Throats Coordination Number 
LV60 sand 36.7 32.2 3,135 7,818 4.9 
Berea sandstone 18.3 2.7 12,349 26,146 4.2 
Table  5.12: Micro-CT images and extracted networks’ properties for LV60 and Berea [3, 
119, 126, 156]. 
 
Sample/Medium Sgr (Gas-water) Sor (Oil-water) Sor (Gas-oil) 
LV60 sand 0.14 0.11 - 
Berea sandstone 0.32 0.27 0.38 
Table  5.13: Residual non-wetting phase saturations for LV60 and Berea sandstone [119]. 
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As we have shown before, Fig. 5.18 shows that there is a correlation between a 
decrease in porosity and an increase in the maximum non-wetting phase saturation 
consistent with the values in Tables 5.12 and 5.13.  The coordination number (the 
average number of throats connected to each pore) of LV60 is greater than Berea 
sandstone.  That indicates the good connectivity of unconsolidated medium; i.e., the 
number of access paths or routes connecting pores is larger and this favours high 
displacement efficiency and prevents non-wetting phase being trapped, since it has 
many escape routes.   Larson et al. [105] explained that for low porosity media, the 
effective coordination number or connectivity of the pore space is low which leads to 
high residual non-wetting phase saturations and therefore leads to low displacement 
efficiency. 
 
While the coordination number of the two systems is consistent with more trapping in 
Berea, the evidence from an analysis of the extracted networks is less clear, as we 
discuss below.  Wardlaw et al. [165] explained the decreasing displacement efficiency 
with decreasing porosity as due to increased pore-to-throat size contrast (the aspect 
ratio) which accompanies decreasing porosity.  Figs 5.19 and 5.20 indicate that, on 
average, the pore and throat sizes are larger in LV60 than Berea, consistent with its 
higher permeability.  Both Berea and LV60 have a relatively wide pore-size distribution, 
although the throat size distribution is broader in Berea: this is consistent with more 
trapping, as snap-off can occur in the smaller throats isolating non-wetting phase in 
larger pores.   However, Fig. 5.21 that shows the distribution of aspect ratio illustrates 
that LV60 has slightly higher aspect ratios than Berea: this means that, on average, the 
throats are relatively smaller in LV60, promoting snap-off over connected advance and 
leading to more trapping.  Instead, experimentally, we see the opposite.  There are 
slightly more pores with very high aspect ratios >4 in Berea, but this small difference is 
unlikely to explain the huge difference in residual saturations.  Unfortunately, we do not 
have a good explanation for this.  Coordination number would appear to play a key role 
in the amount of trapping.  Pore-scale network modelling has been able to reproduce 
the residual saturations measured in Berea, but has been unable to reproduce the 
experimental results we have measured on LV60 sand [C H Pentland, private 
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communication, 2009].  This suggests that perhaps our network extraction algorithm, or 
our representation of wetting phase advance in unconsolidated media needs to be 
improved.  This should be the subject of further theoretical and numerical study. 
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Figure  5.19: Pore and throat size distributions for a Berea sandstone network. 
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Figure  5.20: Pore and throat size distributions for a network derived from LV60 sand. 
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Figure  5.21: Pore-throat aspect ratio for networks representing Berea sandstone and 
LV60 sand. 
The differences between the oil-water and gas-water data are likely to be caused by 
differences in interfacial tension and contact angle.  The gas-water system is likely to be 
more strongly water-wet, giving more snap-off and trapping.  This is consistent with the 
data for Berea sandstone, Table 5.13. Note that in Fig. 5.16, for low initial saturations, 
the oil-water and gas-water data on the same system bracket the high and low range for 
all types of material.  This shows that subtle effects of wettability can be significant.  
Furthermore, this range of low saturation is likely to be encountered in field-scale floods 
designed to maximize trapping [133]. 
 
As mentioned in the Introduction, the interfacial tension between CO2, brine and 
reservoir oil and/or gas should have an important influence CO2 trapping efficiency [33, 
131].  We have shown that there are distinct differences – particularly for low initial 
saturation between an air-brine system (with an interfacial tension of approximately 70 
mN/m – see Table 5.3) and octane-brine (with an interfacial tension of around 50 
mN/m). We would expect differences for super-critical CO2 systems with even lower 
interfacial tensions (IFT) – around 25 mN/m [36]. The IFT is pressure and temperature 
dependent; it decreases with an increase in pressure but it increases with an increase in 
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temperature.  The IFT was measured to be 30 mN/m at 308 K and 20 MPa decreasing to 
23 mN/m at 383 K and 40 MPa. 
 
Recently, Plug and Bruining [131] has shown that there is some evidence that scCO2 
alters the wettability of sandstone from water-wet to intermediate wet.  If that is true 
then the flow dynamics are qualitatively different and residual saturations will most 
likely be very different from those that we measured under water-wet conditions.  This 
indicates that reserve air-condition scCO2 experiments are needed to assess residual 
saturations accurately: these analogue experiments are merely the first step towards a 
fuller understanding of trapping in carbon storage. 
 
This work implies that CO2 injection in poorly consolidated media could lead to rather 
poor storage efficiencies, with at most around 4-5% of the rock volume occupied by 
trapped CO2; this is at the lower end of the compilation of literature results shown in 
Fig. 5.2.  Using the Land correlation to predict the behaviour would tend to over-
estimate the degree of trapping except for high initial saturations.   
 
Gittins et al. [58] measured the maximum residual saturation using the methods 
described here for different sands with different grain shapes and sizes.  They also 
studied layered packs.  In all cases, the trapping capacities were between approximately 
4-5%, confirming that the degree of storage due to capillary trapping is likely to be 
modest in unconsolidated formations. On the other hand, unconsolidated sediments are 
generally of high permeability, making injection easy, while being relatively shallow, 
which reduces drilling and injection costs.  However, a shallow location may also imply 
poor storage security if there is not a good cap-rock.  Hence, the final assessment of 
where to store CO2 will be a trade-off between different factors, of which trapping 
capacity is just one. 
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Chapter 6  
 
Three-phase measurements of non-
wetting phase trapping in sand packs 
6.1 Introduction 
We measure the trapped non-wetting phase saturation (oil and gas) as a function of 
initial saturation by performing a series of laboratory gravity drainage experiments in 
sand packs.  As mentioned in the previous chapter, the application of this work is for 
CO2 storage in aquifers and oil-fields – where capillary trapping is potentially a rapid and 
effective mechanism to render injected CO2 immobile. 
 
We chose sand-packs as our porous media because they are easy to characterize and 
they can be easily sectioned for destructive saturation measurements.  In all our gravity 
drainage experiments we use the same fluid systems as used for the two-phase 
measurements.  In three-phase experiments, octane is an analogue for oil and air for 
CO2.  All analogue fluids were used at ambient conditions.   
 
We observe that the residual gas saturation in three-phase flow for longer drainage 
periods (which allows a higher initial gas saturation to be reached) is significantly higher 
than the residual gas saturation in two-phase obtained by waterflooding: p2gr
p3
gr SS > .  
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We also show that the residual oil saturation in our three-phase systems is similar to the 
maximum trapped saturation in two-phase flow, even for low initial saturations.  
 
In this chapter, there are four main sections.  The first section reviews three-phase 
capillary trapping results in the literature.  The second section presents our results with 
different drainage times and also investigates the impact of varying the flow rates.  The 
third section compares the two- and three-phase systems.  The last section covers the 
discussion and conclusions, where the results are explained in terms of pore-scale fluid 
configurations and displacement processes. 
6.2 Literature review of three-phase capillary trapping 
6.2.1 Three-phase capillary trapping 
Three-phase systems have been studied by many authors to measure the amount of 
residual gas saturation during reservoir displacements.  Figs. 6.1 and 6.2 show the 
trapped gas saturation and trapping capacity as a function of initial saturation during 
three-phase flow in consolidated porous media data from the literature [32, 81, 97, 101, 
144].  Table 6.1 gives a summary of the associated parameters for each study while 
Table 6.2 represents a summary of results on unconsolidated media (sand-packs) [40, 
137, 138, 164, 173]: none of the experiments on unconsolidated media studied gas 
trapping after waterflooding.   
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Figure  6.1:   Database of three-phase residual gas saturation Sgr versus initial gas 
saturations Sgi in the literature. 
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Figure  6.2:   Database of three-phase trapping capacity φSgr versus initial non-wetting 
phase saturations Sgi in the literature. 
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Author Reference Materials Type of Displacement 
Kyte et al., 1956  [101] Water-wet sandstone 
Water-wet limestone 
Oil-wet Alundum 
Waterflooding 
Jerauld, 1997  [84] Mixed-wet sandstone Gravity drainage 
Karlik et al., 2000  [97] Oil-wet sandstone WAG 
Maloney et al., 2002  [111] Carbonate core Live fluid floods, Gas-brine floods 
Skauge et al.,2002  [144] Water-wet sandstone Gravity drainage 
Caubit et al., 2004  [32] Short core 
Long core 
Gravity drainage, Gravity drainage 
followed by tertiary waterfood 
Table  6.1:  Summary of consolidated experimental systems published in the literature 
and displayed in Figs. 6.1 and 6.2. 
Author Reference Materials Type of Displacement 
Vizika and Lombard, 1996  [164] Sand packs Gravity drainage 
Zhou and Blunt, 1997  [173] Sand packs Gravity drainage 
Sahni et al., 1998  [137] Sand packs Gravity drainage 
Dicarlo et al., 2000  [41] Sand packs Gravity drainage 
Schaefer et al., 2000  [138] Sand packs Gravity drainage 
Shahidzadeh et al., 2003  [140] Sand packs Gravity drainage 
Irle and Bryant, 2005  [78] Sand packs  Gravity drainage 
Table  6.2:  Summary of unconsolidated experimental systems published in the 
literature. 
Several authors have suggested that very low oil saturations can be reached during 
three-phase displacements [1, 23, 28, 45, 57, 58, 78, 82, 90, 91, 106, 115, 125, 157, 168, 
171].  In most of these experiments, the residual oil saturation was reached during 
gravity drainage, where gas displaced oil and water.  If the system is spreading 
(physically the oil spreads on the surface of water in the presence of the gas), then oil 
layers form in the pore space, with gas occupying the centre and water in the corners – 
see Fig. 6.3.  These layers provide continuity of the oil phase down to very low 
saturation.   This observation is well established, and measurements on similar systems 
to ours [40, 41] have shown that the residual oil saturation tends to zero as drainage 
continues.  This analysis is relevant for gas injection, or gas gravity drainage, where gas 
is injected into an oil-field to displace oil and water, or where the gas cap expands.   
 
There have been few studies for non-water-wet media: Oak et al. [119] investigated 
three-phase relative permeabilities in an intermediate-wet Berea sandstone, while 
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Vizika and Lombard [164] studied three-phase drainage for water-wet, oil-wet, and 
fractionally wet systems.  
 
The most extensive studies of three-phase flow in mixed-wet and oil-wet media was 
performed by Jerauld [80, 81] who showed that the Land [103] model gave poor 
predictions for gas trapping in Prudhoe Bay cores.  Instead, he developed a model for 
three-phase relative permeability based on two-phase measurements for Prudhoe Bay 
that more accurately matched the data. 
 
6.2.2 Three-phase residual oil saturation 
Previous work [48, 70, 101, 109, 142] has shown that the residual oil saturation in three-
phase flow is reduced from its two-phase value (where no trapped gas is present) 
according to: 
 
p3
gr
p2
or
p3
or SaSS −=         6.1 
where: 
a = coefficient to relate the reduction in residual oil saturation to the trapped gas 
saturation. 
 p3grS  = residual gas saturation in the presence of oil and water. 
 p3orS  = residual oil saturation after waterflooding in the presence of gas. 
 p2orS  = residual oil saturation after two-phase waterflood with no gas present. 
 
Water-wet data from Holmgren and Morse [70] and Kyte et al. [101] suggest that a is 
0.45.  Egermann et al. [48] reported similar results to Kyte at al.  Kyte et al [101] also 
reported data for Alundum rendered oil-wet by dri-film that indicates that a = 0.  Skauge 
[142] reported values of 0.5 to 1 for water-wet systems, 1 for weakly water-wet, and 0 
for oil-wet systems.  Data reported by MacAllister et al. [109] for Baker dolomite 
indicate that a is 0.75, 0.25 and 0.04 for water-wet, mixed-wet and oil-wet conditions 
respectively.  Kralik et al. [97] found a = 0 zero for oil-wet media.  Caubit et al. [32] 
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found a = 0.2 for water-wet, -0.27 for weakly oil-wet and 0.46 for oil-wet systems.  Ma 
et al. [108] showed for WAG experiments that the residual oil saturation after tertiary 
waterflood in three-phase flow is lower than the residual oil saturation obtained by 
waterflooding, but did not quantify the value of a.  Kortekass et al. [95] confirmed 
similar behaviour as Ma et al. during a waterflood following pressure depletion in a 
water-wet core, but did not report the value of a.  Fayers [52] provided empirical 
relationships for different wettability and proposed that a = 0.55 for water-wet systems 
and a = 0 for intermediate wettability.  
 
6.2.3 Three-phase residual gas saturation 
For residual gas saturation, Kralik et al. [97] and Skauge et al. [144] showed 
experimentally that the three-phase residual gas saturation is lower than the two-phase 
residual gas saturation p2gr
p3
gr SS ≤ .  Maloney et al. [111] and Jerauld [81] instead 
suggested that the two- and three-phase residual gas saturation are equal.  
 
p2
gr
p3
gr SS =          6.2 
Caubit et al. [32] also showed that the values of p3grS  are independent of wettability and 
similar to the two-phase values. 
 
6.2.4 Pore-scale modelling 
In recent years, the fundamental physical understanding of three-phase flow at the pore 
scale level has increased significantly.  Since the pore occupancy in three-phase flow is 
not necessarily represented by the two-phase experiments, there is no guarantee that 
an empirical model will be able to predict the three-phase relative permeability 
accurately.  Oil and gas trapping in three-phase flow using pore-scale modelling has 
been studied using numerical models [21, 72, 96, 129, 152, 162].  However, there is still 
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considerable uncertainty in the assessment of oil and gas trapping and very little data 
for unconsolidated media.   
 
A microscopic displacement process is defined as a change in the configuration of an 
element (pore or throat) in order to satisfy capillary equilibrium conditions.  The 
displacement event occurs when the pressure difference between the injected phase 
and the other two phases reaches a threshold value.  Each displacement is either single 
or double.  Single displacement refers to an event where a displacing phase is displaced 
by a displaced phase.  Double displacement – which is only seen for capillary-dominated 
flow in three-phase systems – is an event where one phase displaces a trapped 
intermediate phase that in turn displaces the third phase.  Multiple displacements, 
involving a chain of trapped phases, are also possible [163].  Displacement mechanisms 
are either drainage (non-wetting phase displacing wetting phase) or imbibition (wetting 
phase displacing non-wetting phase).  Drainage occurs by a piston-like mechanism 
whereas imbibition occurs by (i) piston-like (see Fig. 6.5), (ii) snap-off (see Fig. 3.4), and 
(iii) pore-body filling (see Fig. 6.4). 
 
 
Figure  6.3:  Three phases in a single water-wet corner of the pore space.  The system 
is initially saturated with water and intermediate-fluid (oil) invades a 
water-filled pore.  Then if gas is injected into the system, gas occupies the 
centre of the pore and forms an oil layer in between the water in the 
corner and the oil in the centre [129, 152]. 
   127 
 
 
Figure  6.4: Possible fluid configurations [162].  Initially the pore space is water-wet.  
After drainage, the area in contact with oil (bold line) will undergo a 
wettability alteration. 
 
 
Figure  6.5:  Piston-like displacement in three-phase flow.  In this example, this is a 
double displacement where water displaces oil that displaces gas. 
 
To recap, there is relatively little three-phase experimental data because it is difficult 
and time consuming to investigate the full range of behaviour.  The early studies of 
trapping focused on consolidated media.  Our experiments will focus on unconsolidated 
media which has not been studied in detail previously.  In this work our principal 
interest is in the trapping of oil and gas when displaced by water, with application to 
CO2 storage.  In this case, oil will be trapped, as well as gas.  We will explain the results 
with reference to pore-scale displacement mechanisms. 
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6.3 Results 
In this section, four sub-sections will summarize the results; the first three sub-sections 
will cover experiments with different drainage times: 17 hours, 2 hours and 30 minutes.  
In total four drainage experiments were performed.  Each drainage experiment consists 
of one set of initial saturation measurements and one set of residual saturation 
measurements. In two drainage experiments three replicates were performed to find 
both Soi/Sgi and Sor/Sgr.  In one drainage experiment two replicates were performed to 
find Soi/Sgi and two replicates for Sor/Sgr.  The fourth sub-section covers two drainage 
experiments: they were performed with 5 mL/min and 0.5 mL/min injection rates, to 
study the effect of capillary number on residual saturations.  
6.3.1 Fluids 
Our drainage experiments used unconsolidated sand packs and analogue fluids at 
ambient conditions.  Above its critical point –  critical temperature = 304.45
 
K; critical 
pressure = 7.39 MPa [76] – CO2 has properties with a density similar to a liquid and a 
viscosity more akin to a gas.  The intermediate fluid, octane, was coloured red using 
Sudan Red 7B dye to observe its movement during the experiments.  The non-wetting 
phase was air.  The wetting phase was brine (de-ionized water with 1 weight % 
potassium chloride, and 5 weight % sodium chloride.  The ambient temperature in the 
lab was recorded as being consistently 293 K (± 1 K).  Ambient pressure was measured to 
be 0.101 MPa (± 0.003 MPa). 
6.3.2 Displacement sequence 
We start with a system full of brine, then inject octane – representing the oil phase – 
followed by displacement by air (representing CO2), then finally brine is injected.  This 
displacement sequence mimics what would occur in an oilfield when CO2 is injected as a 
secondary process, early in the field life.  In depleted fields, there is normally a period of 
waterflooding before gas injection: to mimic these cases the injection sequence would 
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include a waterflooding step between oil and air displacement.   For simplicity we did 
not do this here.  Gas and then water injection after waterflooding may result in less oil 
trapping than we observe, since the initial oil saturation is lower.  Otherwise we suggest 
that the results we obtain are representative of trapping in three-phase reservoir 
displacements. 
 
In detail: the sand-packed columns were saturated with 5 pore volume (PV) of the most-
wetting fluid (water for water-wet system) then displaced with 5 PV of n-octane as the 
intermediate-wetting fluid.  After saturating the column with the intermediate-wetting 
fluid, the bottom valve was opened and the octane drained out under gravity.  Air as the 
analogue of supercritical CO2 was allowed to enter the top of the system through a long, 
narrow tube connected to a sealed air-saturated with octane reservoir.  The system was 
allowed to drain for desired drainage time.  This produced an initial condition of Swi, Soi, 
and Sgi to investigate the initial conditions of the initial non-wetting phase.  Finally, the 
residual conditions – Sw, Sor, and Sgr – were achieved by an additional 5 PV flooding of 
the most-wetting fluid (water).  For each experiment, a new sand-pack column was 
prepared.  Table 6.3 summarizes the experiments performed and their associated 
parameters. 
 
Experiment 
Number 
Experiment 
Name 
Volume of 
brine and 
octane 
Injected 
Volume of 
Brine 
Injected 
Time 
of 
Drainage 
Flow 
Rate 
Number 
of 
Replicates 
1 Sgi/Soi 500 mL 0 mL 17 hrs 5 mL/min 3 
1 Sgr/Sor  500 mL 500 mL 17 hrs 5 mL/min 3 
2 Sgi/Soi 500 ml 0 mL 2 hrs 5 mL/min 3 
2 Sgr/Sor  500 mL 500 mL 2 hrs 5 mL/min 3 
3 Sgi/Soi 500 mL 0 mL 30 min 5 mL/min 2 
3 Sgr/Sor  500 mL 500 mL 30 min 5 mL/min 2 
4 Sgr/Sor 500 mL 500 mL 2 hrs 0.5 mL/min 1 
Table  6.3: Three-phase experiments and associated parameters. 
Table 6.4 shows the phase injection rates, Darcy velocities and capillary numbers 
associated with these experiments.  We performed one experiment at a tenth the final 
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brine injection flow rate of the others to ensure that we were in the capillary-controlled 
regime. 
 
Experiment 
 Name Phase Injected Injection Rate Darcy Velocity 
Capillary 
Number 
1 to 4 n-octane 5 ml/min 7.17 × 10-4 m/s 1 × 10-5 
1 to 3 brine 5 ml/min 7.17 × 10-4 m/s 2 × 10-5 
4 brine 0.5 ml/min 7.17 × 10-5 m/s 2 × 10-6 
Table  6.4: Injection conditions associated with the experiments. 
6.3.3 Results: gravity drainage: 17 hour experiments 
Fig. 6.6 shows the measured initial saturation profiles.  The first drainage experiment 
covers different ranges of Swi/Soi/Sgi : 50.46% to 12.54% for Swi, 17.72% to 6.90% for Soi 
and from 31.82% to 80.56% for Sgi.  
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Figure  6.6: Experiment 1: 17 hour drainage time.  The lines to the left show three Swi 
replicates (blue) and three Soi replicates (red), while the lines to the right 
show three Sgi replicates (brown) for the initial conditions. 
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The measured residual saturation profiles are shown in Fig. 6.7.  This drainage 
experiment covers different ranges of Sw/Sor/Sgr: 82.22% to 69.78% for Sw,, 6.97% to 
8.83% for Sor, and 9.45% to 21.40% for Sgr. 
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Figure  6.7: Experiment 1: 17 hour drainage time.  The lines to the left show three Sor 
replicates (red) and three Sgr replicates (brown), while the lines to the 
right show three Sw replicates (blue) for the conditions after 
waterflooding. 
 
In Fig. 6.9, the inferred trapping curve is presented.  The error bars shown in Figs. 6.8 
and 6.9 are based on the standard deviation from experiment 1 where three replicates 
were performed for each of the Swi/Soi/Sgr and Sw/Sor/Sgr data sets.  Fig. 6.8 will be 
discussed with more detail in section 6.3.7. 
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Figure  6.8:  Experiment 1: 17 hour drainage time.  Residual saturation profiles. 
 (a) Residual gas saturation Sgr versus initial gas saturation Sgi. 
 (b) Residual oil saturation Sor versus initial oil saturation Soi. 
 (c) Residual oil saturation Sor versus initial gas saturation Sgi. 
 (d) Residual oil saturation Sor versus residual gas saturation Sgr.
 (e) The total residual saturation of oil and gas Snt is plotted as a  
  function of the total initial non-wetting phase saturation Sni. 
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Figure  6.9: Experiment 1: 17 hour drainage time.  The residual saturation profiles 
from Fig. 6.8 are compiled and presented on a single graph: the residual 
saturation of oil or gas is plotted as a function of the corresponding initial 
saturation; also shown is the total trapped saturation as a function of 
initial hydrocarbon (oil+gas) saturation.   
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6.3.4 Results: gravity drainage: 2 hour experiments 
Fig. 6.10 shows the measured initial saturation profiles.  The second drainage 
experiment covers different ranges of Swi/Soi/Sgi : 27.24% to 19.31% for Swi, 46.98% to 
19.31% for Soi and 25.80% to 61.38% for Sgi.  
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Figure  6.10: Experiment 2: 2 hour drainage time.  The lines to the left show three Swi 
replicates (blue) and three Soi replicates (red), while the lines to the right 
show three Sgi replicates (brown) for the initial conditions. 
 
The measured residual saturation profiles are shown in Fig. 6.11.  This drainage 
experiment covers different ranges of Sw/Sor/Sgr: 84.29% to 78.18% for Sw,, 12.84% to 
9.52% for Sor, and 6.42% to 12.30% for Sgr. 
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Figure  6.11: Experiment 2: 2 hour drainage time.  The lines to the left show three Sor 
replicates (red) and three Sgr replicates (brown), while the lines to the 
right show three Swi replicates (blue) for the saturations after 
waterflooding. 
 
In Fig. 6.13, the inferred trapping curve is presented.  The error bars shown in Figs. 6.12 
and 6.13 are based on the standard deviation from experiment 2 where three replicates 
were performed for each of the Swi/Soi/Sgr and Sw/Sor/Sgr data sets.  Fig. 6.12 will be 
discussed with more detail in section 6.3.7. 
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Figure  6.12:  Experiment 2: 2 hour drainage time.  Residual saturation profiles.  
 (a) Residual gas saturation Sgr versus initial gas saturation Sgi.  
 (b) Residual oil saturation Sor versus initial oil saturation Soi.  
 (c) Residual oil saturation Sor versus initial gas saturation Sgi.  
 (d) Residual oil saturation Sor versus residual gas saturation Sgr. 
 (e) The total residual saturation of oil and gas Snt is plotted as a  
  function of the total initial non-wetting phase saturation Sni. 
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Figure  6.13:  Experiment 2: 2 hour drainage time.  The residual saturation profiles from 
Fig. 6.12 are compiled and presented on a single graph: the residual 
saturation of oil or gas is plotted as a function of the corresponding initial 
saturation; also shown is the total trapped saturation as a function of 
initial hydrocarbon (oil+gas) saturation. 
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6.3.5 Results: gravity drainage: 30 minute experiments 
Fig. 6.14 shows the measured initial saturation profiles.  The second drainage 
experiment covers different ranges of Swi/Soi/Sgi : 32.15% to 25.91% for Swi, 55.92% to 
27.83% for Soi and 11.92% to 46.25% for Sgi. 
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Figure  6.14: Experiment 3: 30 minute drainage time.  The lines to the left from bottom 
show two Swi replicates (blue) and two Soi replicates (red), while the lines 
to the right from bottom show two Sgi replicates (brown) for the initial 
conditions. 
 
The measured residual saturation profiles are shown in Fig. 6.15.  This drainage 
experiment covers different ranges of Sw/Sor/Sgr: 82.71% to 75.54% for Sw,, 9.85% to 
11.08% for Sor, and 7.44% to 13.38% for Sgr. 
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Figure  6.15: Experiment 3: 30 minute drainage time.  The lines to the left show two Sor 
replicates (red) and two Sgr replicates (brown), while the lines to the right 
show two Sw replicates (blue) for the saturations after waterflooding. 
 
In Fig. 6.17, the inferred trapping curve is presented.  The error bars shown in Figs. 6.16 
and 6.17 are based on the standard deviation from experiment 3 where three replicates 
were performed for each of the Swi/Soi/Sgr and Sw/Sor/Sgr data sets.  Fig. 6.16 will be 
discussed with more detail in section 6.3.7. 
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Figure  6.16:  Experiment 3: 30 minute drainage time.  Residual saturation profiles. 
 (a) Residual gas saturation Sgr versus initial gas saturation Sgi.  
 (b) Residual oil saturation Sor versus initial oil saturation Soi.  
 (c) Residual oil saturation Sor versus initial gas saturation Sgi.  
 (d) Residual oil saturation Sor versus residual gas saturation Sgr. 
 (e) The total residual saturation of oil and gas Snt is plotted as a  
  function of the total initial non-wetting phase saturation Sni. 
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Figure  6.17: Experiment 3: 30 minute drainage time.  The residual saturation profiles 
from Fig. 6.16 are compiled and presented on a single graph: the residual 
saturation of oil or gas is plotted as a function of the corresponding initial 
saturation; also shown is the total trapped saturation as a function of 
initial hydrocarbon (oil+gas) saturation. 
6.3.6 Results: Effect of flow rate on residual gas saturation 
Several authors have studied the effect of flow rate on residual gas saturation and 
observed no reduction on Sgr for capillary numbers less than around 10
-5
 [117, 127].  We 
wanted to ensure that we were operating in the capillary-controlled limit, typical of 
reservoir conditions. We performed an additional experiment with a draining time of 2 
hours.  The experiment used a lower flow rate of 0.5 mL/min (capillary number around 
10
-6
) for the final injection of water.  We observed that there was no evidence of a 
reduction on residual saturation as flow rate increased (see Fig. 6.18 and 6.19).  This 
suggests that our experiments were run at a sufficiently low capillary number to avoid 
rate effects. 
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Figure  6.18: Experiment 4: 2 hour drainage time.  The lines to the left show two Sor 
replicates (red) and two Sgr replicates (brown), while the lines to the right 
show two Sw replicates (blue) for the residual conditions.  The dashed 
lines represent the 0.5 mL/min flow rate and the solid lines represent the 
5 mL/min flow rate. 
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Figure  6.19: Experiment 4: 2 hour drainage time.  Flow rates of 5 mL/min and 0.5 
mL/min were used for both the initial injection of oil and the final 
injection of water.  The error bars indicate the accuracy of the results of 
the residual non-wetting phase saturation Sgr versus the initial non-
wetting phase saturations Sgi. 
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6.3.7 Results: summary of results 
Fig. 6.20 summarizes the above sub-sections and compares our measured trapped gas 
saturations with literature values.  Our results are lower than the most of the residual 
saturations studied in the literature for consolidated materials.  Fig. 6.21 shows the 
trapping capacity of our experimental values compared to literature results.   Note that 
now we reach trapping capacities of up to nearly 8%, which is considerably more 
favourable than that achieved in two-phase flow and at the upper end of the data.  This 
remarkable result will be discussed in more detail later, once we have presented a 
compilation of the results for the different drainage times. 
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Figure  6.20: Our results compared to the database of residual gas saturation Sgr versus 
initial non-wetting phase saturation Sgi in the literature. 
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Figure  6.21: Our results compared to the database of trapping capacity φSgr versus 
initial gas saturation Sgi in the literature. 
Fig. 6.22 shows the residual gas saturation profiles for different drainage times.  Longer 
drainage times lead to larger initial gas saturations and hence a higher residual 
saturation. 
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Figure  6.22: Residual gas saturation profiles.  The saturation profiles are compiled 
from residual gas saturation Sgr versus initial gas saturations Sgi. 
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Fig. 6.23 shows the residual oil saturation as a function of initial oil saturation for 
different drainage times.  Longer drainage times lead to lower initial oil saturation, since 
the oil has longer to be displaced by gas.  This graph is surprising, since there is little 
change in residual saturation as the initial saturation is altered, in contrast to the two-
phase results presented in Chapter 5.  More oil is trapped than would be predicted from 
an equivalent two-phase system, although the trapped saturation is never larger than 
the maximum reached in two-phase flow (around 11%). 
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Figure  6.23: Residual oil saturation as a function of initial saturation.  The saturation 
profiles are compiled from residual oil saturation Sor versus initial oil 
saturation Soi graphs for each drainage time. 
 
Fig. 6.24 shows the total residual oil and gas saturation as a function of initial non-
wetting phase (gas+oil) saturation for different drainage times.  This figure has a very 
different shape to that obtained for two-phase flow (Chapter 5) and reaches higher 
values.  This will be discussed in more detail later. 
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Figure  6.24: Total residual saturation as a function of initial non-wetting phase 
(oil+gas) saturation.  The saturation profiles are compiled from total 
residual oil and gas saturation Snt versus initial oil and saturations Sni for 
each drainage time. 
 
Figs. 6.25 and 6.26 show the residual oil saturation as a function of initial and residual 
gas saturations respectively for different times.  The amount of oil trapped is insensitive 
to the initial gas saturation or the amount of gas that is trapped, again in contrast to 
measurements on consolidated media.   From Fig. 6.25, the value of a in Eq. (6.1) is 
approximately zero, and certainly no larger than 0.05: this is in contrast to experiments 
in consolidated water-wet media, where a has a much larger value. 
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Figure  6.25: Residual saturation profiles.  The saturation profiles are compiled from 
residual oil saturation Sor versus initial gas saturation Sgi graphs for each 
drainage time. 
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Figure  6.26: Residual saturation profiles.  The saturation profiles are compiled from 
residual oil saturation Sor versus residual gas saturation Sgr graphs for each 
drainage time. 
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6.4 Comparison between two- and three-phase systems 
Fig. 6.27 shows the residual gas saturation as a function of initial gas saturation for 
different drainage times compared to our fit to the two-phase data.  We find that for 
high initial gas saturations more gas can be trapped in the presence of oil than in a two-
phase (gas-water) system.  This is unlike previous measurements on consolidated media, 
where the trapped gas saturation is either similar or lower to that reached in an 
equivalent two-phase experiment.  The maximum residual gas saturation is over 20%, 
compared to 14% for two-phase flow.  For lower initial gas saturation, the amount of 
trapping follows the initial-residual trend seen in two-phase experiments with some 
values lying below the two-phase measurements. 
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Figure  6.27: Comparison between our two- and three-phase experimental data.  The 
saturation profiles are compiled from residual gas saturation Sgr versus 
initial gas saturation Sgi graphs for each drainage time.  The lines show our 
water-gas system experimental data (Chapter 5).   
 
Fig. 6.28 shows the residual oil saturation as a function of initial oil saturation for 
different drainage times compared to the fit to the two-phase data.  As mentioned 
previously, for low initial oil saturations, more oil is trapped than would be predicted 
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from an equivalent two-phase system, although for higher initial oil saturation, the two-
phase trend is followed and the trapped saturation is never larger than the maximum 
reached in two-phase flow (around 11%). 
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Figure  6.28: Comparison between our two- and three-phase experimental data.  The 
saturation profiles are compiled from residual oil saturation Sor versus 
initial oil saturation Soi graphs for each drainage time.  The lines show our 
water-oil system experimental data (Chapter 5). 
 
6.5 Discussion and conclusions  
We have obtained three-phase measurements of both residual oil saturation and 
residual gas saturation by performing series of three-phase gravity drainage and 
waterflood experiments in columns containing unconsolidated sands.  We have 
measured the trend of residual saturations against initial saturations.   
 
We find that for high initial gas saturations more gas can be trapped in the presence of 
oil than in a two-phase (gas-water) system.  This is unlike previous measurements on 
consolidated media, where the trapped gas saturation is either similar or lower to that 
reached in an equivalent two-phase experiment.  The maximum residual gas saturation 
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is over 20%, compared to 14% for two-phase flow.  For lower initial gas saturation, the 
amount of trapping follows the initial-residual trend seen in two-phase experiments, 
although some values lie below the two-phase correlation. 
 
The amount of oil trapped in a three-phase displacement is insensitive to the initial oil 
saturation, the initial gas saturation or the amount of gas that is trapped, again in 
contrast to measurements on consolidated media.  More oil is trapped than would be 
predicted from an equivalent two-phase system for low initial saturation, although the 
trapped saturation follows the two-phase trend for higher initial saturation and is never 
larger than the maximum reached in two-phase flow (around 11%). 
 
While the values of residual saturation are low compared to consolidated media, the 
trapping capacity for gas can be as high as 8%, which is at the upper range of previous 
experimental measurements. 
 
We investigated the effect of the flow rate on residual saturation and observed no 
evidence of a reduction on residual saturation for capillary numbers less than 
approximately 10
-5
.   
 
These initially surprising results can be explained in the context of oil layer stability and 
the competition between snap-off and piston-like advance in three-phase flow.  In 
unconsolidated two-phase water-wet systems, displacement is principally by 
cooperative piston-like advance with relatively little trapping [21, 85], as we have shown 
in Chapter 5.  Consolidated media have a wider range of pore and throat sizes.  Where 
the throats are much smaller than connecting pores, snap-off can occur [85].  This fills 
narrow regions throughout the pore space with water, surrounding and trapping the 
non-wetting phase in the larger pores.  In contrast, piston-like advance leads to a 
connected front moving through the porous medium, leaving very little trapped non-
wetting phase behind.  This preference for snap-off over piston-like advance is the origin 
of the higher residual saturations seen in consolidated media.   
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Trapping in three-phase flow has been studied using pore-scale modelling by Suicmez et 
al. [152].  They simulated a similar displacement sequence to that performed in our 
experiments – gas invasion into oil and water, followed by waterflooding.  They 
investigated the effects of wettability on displacement in a network representing 
consolidated Berea sandstone.  They demonstrated that the trapping of both gas and oil 
was controlled by oil layer stability and the competition between snap-off and piston-
like advance.  In water-wet media, gas is the most non-wetting phase and is always 
trapped in the largest pore spaces by snap-off.  The degree of oil trapping is determined 
by the connectivity of oil layers and when they collapse during waterflooding.  They 
found that the total amount of gas and oil trapped was larger than the maximum non-
wetting phase saturation found during two-phase flow, consistent with our results.  
However, they did not see a higher trapped gas saturation in three-phase flow – this is 
because gas already occupies the large pores and has a high residual two-phase 
saturation (around 47% in this case). 
 
For unconsolidated media, in two-phase flow, there is relatively little trapping, since the 
pore and throat sizes are comparable and there are few snap-off events, as mentioned 
before.  In three-phase flow, during gravity drainage, oil layers form between gas in the 
centers of the pore space and water in the corners, as illustrated in Fig. 6.3.  In any 
displacement, the sequence of pore-level events is determined by the local capillary 
pressure.  We will not discuss this in any detail here, but simply quote the results from 
network modelling studies [128, 129, 152].  During waterflooding after gravity drainage, 
water preferentially displaces gas by piston-like advance [152].  However, this type of 
displacement is prevented since oil surrounds the gas – the only way for water to 
displace gas is through double displacement, as shown in Fig. 6.5, which is less favored.  
Since the water pressure is increasing, water layers swell making oil layers thinner.  
Some oil layers may collapse when the water has sufficient pressure to contact the gas.  
In network modelling studies, oil layer collapse was the most common displacement 
process during three-phase waterflooding.  This has two effects.  First, it disconnects the 
oil phase.  The oil, being intermediate-wet (less wetting than water, while gas is the 
most non-wetting phase) is confined to oil layers and pores and throats of average size.  
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The collapse of oil layers allows the oil to be trapped in these pores and throats.  The 
degree of trapping, since it is controlled by layer collapse, is fairly independent of the 
initial oil saturation or the amount of gas present.  This is what we observe – an 
approximately constant residual oil saturation in three-phase flow, as long as the initial 
oil saturation is not very low.  The degree of trapping, since oil cannot occupy the largest 
pores, as it can in two-phase displacements where it is the more non-wetting phase, is, 
on average, slightly lower (at around 8%) than in two-phase flow (around 11%).    
 
The second effect of layer collapse is that it allows direct contact of gas by water.  In 
two-phase flow, as mentioned previously, it is piston-like advance with little resultant 
trapping that is favoured.  In three-phase flow, layer collapse allows water layers to 
snap-off gas in narrow throats, while still preventing piston-like advance, since oil will 
remain in the centres of the pore space between gas and water – as in Fig. 6.5: it acts as 
a barrier between water and gas.  Hence, the only way for water to displace gas is 
through snap-off in corners, resulting in more trapping than in two-phase flow.  In 
consolidated media, this increase in residual saturation is not observed since water 
displaces gas primarily by snap-off in two-phase flow as well. 
 
While this explanation is consistent with network modelling studies and helps explain 
our surprising results, confirmation is required through pore-scale simulation of 
unconsolidated media – this potential topic for future work is discussed in Chapter 7. 
 
What does this work imply for CO2 storage and CO2 enhanced oil recovery?  As stated in 
the previous chapter, oil-CO2-brine systems at reservoir temperatures and pressures will 
have different interfacial tensions and contact angles than the analogue ambient-
condition octane-brine-air system studied here.  However, in both cases we expect the 
intermediate-wet phase (oil or octane) to be spreading, implying a zero gas-oil contact 
angle.  On the other hand, the likely low interfacial tension between reservoir oil and 
CO2, and the fact that the reservoirs may not be strongly water-wet may yield somewhat 
different trapping behaviour than measured here.  As before, the only real test is to 
perform experiments at reservoir conditions with reservoir fluids.  Our work though 
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does suggest that in three-phase situations, CO2 storage due to capillary trapping may 
be favourable.  Furthermore, we have shown that significant quantities of oil can be 
trapped during three-phase waterflooding, which is a potential concern for CO2-EOR in 
unconsolidated and poorly consolidated media. 
 
 
 
 
 
   154 
Chapter 7  
 
Conclusions and future work 
7.1 Conclusions  
We have measured the trapped non-wetting phase saturation as a function of the initial 
saturation in sand packs for two- and three-phase flow on unconsolidated sand.  The 
application of this work is for CO2 storage in aquifers – where capillary trapping may be 
a rapid and effective mechanism to render injected CO2 immobile. 
7.1.1 Two-phase measurements 
In two-phase experiments (oil-water and gas-water), we observed that the trapped 
saturations initially rise linearly with initial saturation to a maximum value, followed by a 
constant residual as the initial saturation increases further.  This behaviour is not 
predicted by the traditional trapping models in the literature, but is physically consistent 
with poorly consolidated media where most of the larger pores can easily be invaded at 
relatively low saturation and there is, overall, relatively little trapping.  The best match 
to our experimental data was achieved with the trapping model proposed by Aissaoui 
[2].   
 
The residual saturations increased linearly with initial saturation until a maximum of 
11.3% for oil and 14% for gas was reached for initial saturations of approximately 50% 
and 20% respectively.  The most important figure regarding the CO2 storage is the 
trapping capacity, that measures the rock volume occupied by a trapped phase: it is 
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defined as the residual saturation times the porosity.  The observed maximum trapping 
capacities were φSor = 4.1% and φSgr = 5.2%. 
 
The differences between the oil-water and gas-water data are likely to be caused by 
differences in interfacial tension and contact angle.  The gas-water system is likely to be 
more strongly water-wet, giving more snap-off and trapping.  For low initial saturations, 
the oil-water and gas-water data on the same system bracket the high and low range of 
trapped saturation for all types of material.  This shows that subtle effects of wettability 
can be significant.  Furthermore, this range of low initial saturation is likely to be 
encountered in field-scale CO2 storage projects [133]. 
 
This work implies that CO2 injection in poorly consolidated media would lead to rather 
poor storage efficiencies, with at most 4-5% of the rock volume occupied by trapped 
CO2; this is at the lower end of the compilation of literature results shown in Fig. 5.1.  
Using the Land correlation to predict the behaviour would tend to over-estimate the 
degree of trapping except for high initial saturations. 
 
7.1.2 Three-phase measurements 
In three-phase experiments (oil-gas-water), we found that for high initial gas saturations 
more gas can be trapped in the presence of oil than in a two-phase (gas-water) system.  
This is unlike previous measurements on consolidated media, where the trapped gas 
saturation is either similar or lower to that reached in an equivalent two-phase 
experiment.  The maximum residual gas saturation can be higher than 20%, compared 
to 14% for two-phase flow.  For lower initial gas saturation, the amount of trapping 
approximately follows the initial-residual trend seen in two-phase experiments.  The 
maximum trapping capacity for gas can be up to 8%, at the upper end of data that 
includes consolidated systems. 
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The amount of oil trapped is insensitive to initial oil or gas saturation or the amount of 
gas that is trapped, again in contrast to measurements on consolidated media.  More oil 
is trapped than would be predicted from an equivalent two-phase system, although the 
trapped saturation is never larger than the maximum reached in two-phase flow 
(around 11%). 
 
These initially surprising results are explained in the context of oil layer stability and the 
competition between snap-off and piston-like advance in three-phase flow.  In two-
phase systems, displacement is principally by cooperative piston-like advance with 
relatively little trapping, whereas in consolidated media snap-off is generally more 
significant.  However, oil layer collapse events during three-phase waterflooding rapidly 
trap the oil which acts as a barrier to direct water-gas displacement, except by snap-off, 
leading to enhanced gas trapping. 
 
7.2 Future work 
The work done to date is an investigation into capillary trapping in two- and three-phase 
flow in a sand pack.  A number of questions remain when we consider the application of 
this research to geological carbon storage.  These questions are focused upon two main 
areas, namely the effect that using super-critical CO2 has on the trapping relationship, 
and the effect the porous medium has on trapping. 
7.2.1 Super-critical CO2 and different rock types 
Experimental research into geological carbon storage using super-critical CO2 in porous 
media is still in its early stages.  Research has primarily focused upon generating CO2-
brine relative permeability curves [14-16] and the use of CT scanning to visualise the 
two phase CO2-brine distribution within a core plug. 
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The relative permeability curves generated by Bennion and Bachu are characterised by 
their very high connate water saturation (average reported value of 52%).  This is of 
note as typically hydrocarbon systems have connate water saturations lower than this 
(typically between 20% and 40%).  The high value is a possible indicator that the 
experimental procedure followed is not giving an accurate description of actual 
reservoir processes.  This is of interest because, if true, lessons can be learnt for the 
future planned experiments. 
 
Future experimental studies could focus on the measurement of relative permeability – 
including residual saturations – for super-critical CO2-brine systems for a variety of rock 
types representative of different putative storage sites.  This could include core floods 
on both consolidated sandstones and carbonates. 
7.2.2 Effect of wettability 
This work can be extended to study the effects of wettability on three-phase flow.  Most 
oil reservoirs are not strongly water-wet, since surface-active components of the oil 
have sorbed to the rock surfaces altering the oil-water contact angles.  To reproduce a 
similar phenomenon in the laboratory, experiments can be performed as follows: 
Flood an initially brine-saturated column with crude oil and then ageing for period of 
time.  Ageing requires at least two weeks altering the pore space of a rock.  The crude oil 
can then be replaced by refined oil – such as decane/octane/hexane. 
Similar experiments can be performed as stated above using gas as the non-wetting 
phase to represent CO2.  These experiments will represent situations where CO2 is 
stored in oil reservoirs and a third – oil – phase will also be present. 
 
The same sequence of displacement can be followed in the experiments as in the field: 
the aged sand-pack full of oil and irreducible water can be flooded by water to reach 
irreducible (trapped) oil saturation.  Then air will be injected and allowed to rise to the 
top of the column.  These experiments can study both the impact of wettability change 
and the presence of trapped oil on the trapping of gas.  This is a complex phenomenon – 
   158 
in oil-wet media, gas is no longer the most non-wetting phase.  Gas and oil compete for 
the larger pore spaces, meaning that gas may reside in some of the smaller pores, 
resulting in less trapping [40, 151]. 
 
7.2.3 Pore-by-pore distribution 
The Gas Chromatography analysis can enable the average non-wetting phase saturation 
to be measured as a function of distance along the column, while micro-CT scanning can 
measure the pore-by-pore distribution of fluids on a small subsection of the porous 
medium.  This can allow the experimental team at Imperial College to establish whether 
the phase distribution is uniform across the pack or the non-wetting phase moves as a 
thin finger and is only present in a portion of the cross-section.  This has important 
implications for the large-scale modelling of the flow: if fingers less than the cm scale 
persist even in a homogeneous medium, then the upwards migration of CO2 is likely to 
be contained along preferential paths with very little trapping overall [18, 24, 53].  If the 
upwards movement is more uniform, then the amount that is trapped will have a 
significant impact on the amount of CO2 rendered immobile.  A percolation-theory 
argument, considering typical dimensionless ratios of viscous, capillary and buoyancy 
forces predicts a finger width of several cm – that is, larger than the diameter of the 
column, but this needs to be tested directly [19]. 
 
As discussed in the previous Chapter, we could attempt to understand our results 
through pore-scale modelling of trapping in three-phase flow.  While some work has 
been performed on networks representing Berea sandstone, the research could be 
extended to the study of unconsolidated media.  This would test the explanation we 
presented for the enhanced trapping observed in three-phase flow and form the basis 
for the development of a predictive model for oil and gas trapping. 
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Nomenclature 
CCS    carbon capture & storage 
GC    gas chromatography/chromatograph 
ppm   parts per million 
φ   porosity 
Sgi   initial gas saturation 
Sgr    residual gas saturation 
Sgc   critical gas saturation 
S
* 
   effective saturation    where; S
*
 = S/(1-Swc) 
Sgi
*   effective initial gas saturation  where; Sgi
* = Sgi /(1-Swc) 
Sgr
*
   effective residual gas saturation  where; Sgr
*
 = Sgr /(1-Swc) 
Sgr
* max 
 maximum effective residual gas saturation where; Sgr
* max
 = Sgr
max
 /(1-Swc) 
S(nw)r
max
  maximum residual non wetting phase saturation 
Soi   initial oil saturation 
Soi
max  
 maximum initial oil saturation 
Sor    residual oil saturation 
Sor
max  
 maximum residual oil saturation 
Swc   connate water saturation 
Sgr   residual gas saturation, fractional 
S(nw)I   initial non-wetting phase saturation, fractional 
S(nw)r   residual non-wetting phase saturation, fractional 
Sgt   trapped gas saturation 
p3
grS    three-phase residual gas saturation 
p2
grS    two-phase residual gas saturation 
p3max
grS   three-phase maximum residual gas saturation 
p3max
orS   three-phase maximum residual oil saturation 
Sgf   free gas saturation 
a   coefficient that linked directly the reduction of oil saturation to the  
   trapped gas. 
TCD   thermal conductivity detector 
K   permeability, m2 
kro   oil relative permeability, m
2
  
krow    oil-water relative permeability, m
2
  
krog    oil-gas relative permeability, m
2
  
α & β   contact-angle dependent coefficients 
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α   aspect ratio 
rp   radius of the pore, m 
nc   coordination number of the pore 
rt   pore throat radius, m 
WF   Weight of column full of de-ionized water, kg 
WE   Weight of column empty, kg 
q   flow rate, m3.s-1 
P   pressure, Pa 
L   length, m 
m   phase viscosity, kg.m
-1
.s
-1
 
ν   phase velocity, m.s-1 
PR   packing ration, unitless 
ρo   density of oil, kg.m
-3
 
ρw   density of de-ionized water, kg.m
-3
 
ρair   density of air, kg.m
-3 
ρs   density of sand, kg.m
-3
 
ρpseudo  pseudo liquid-density of octane-brine two phase liquid system in a  
   sliced section, kg.m
-3
 
m1   mass of sand fully saturated with water, kg 
m2   mass of sand fully saturated with water and oil, kg 
Ms   mass of sand (new column) based on Packing ratio, kg 
Msi   mass of recovered and washed dry sand, kg 
ME   mass of empty sliced section, kg 
Ms+d   mass of empty section and recovered dry sand, kg 
M2   mass of sand saturated with brine and air, kg 
M1   mass of sliced section fully of sand, brine and air, kg 
ML   mass of liquid in each sliced section, kg 
PTFi   mass of plastic tray full of recovered and washed dry sand, kg 
PTEi   mass of plastic tray empty, kg 
MGCO   mass of octane, kg 
MGCW   mass of water, kg 
Mo   molar mass of octane (C8H18), kg/mol 
Mw   molar mass of water, kg/mol 
Voc   collected oil, m
3 
VGCO   volume of octane, m
3
 
VGCW   volume of water, m
3
 
VLi   volume of liquid in each sliced section, m
3
 
Vfi   volume of fraction oil in each sliced section, fractional 
Voi   volume of oil in each sliced section, m
3
 
Vwi   volume of brine in each sliced section, m
3 
Vgi   volume of air in each sliced section, m
3 
Vti   total volume of fluids in each sliced section, m
3
 
VB   bulk volume, m
3
 
VP   pore volume, m
3
 
VG   grain volume, m
3
 
s   unbiased estimate of the standard deviation 
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X   measured values, 
M   mean of values, 
N   number of observations 
φg   grain size on the Wentworth (phi) scale, and d is the grain size   
   measured in mm. 
φI   correspond to the particle size for which 16%, 50% and 84% of the  
   grains are courser. 
Mg   mean grain size  
Md   mean grain size in mm 
Ncap   capillary number 
IFT   surface interfacial tension, N.m
-1
 
mGCO   moles of octane, mol 
mGCW   moles of water, mol 
A   cross-sectional area, m
2
 
ao   area of peak for oil phase from by GC, μV.s 
aw   area of peak for water phase from by GC, μV.s 
Ao   average area of peak for oil phase from by GC, μV.s 
Aw   average area of peak for water phase from by GC, μV.s 
Wc   Weight of dry column, Kg 
Wc+s   Weight of dry column packed with dry sand, Kg 
Wc+s+b  Weight of saturated column, Kg 
GHG   greenhouse gas 
CO2   carbon dioxide 
CH4   Methane 
H2S   Hydrogen sulphide 
SiO2   Silica dioxide 
Fe2O3   Iron (III) oxide 
Al2O3   Aluminium (III) oxide 
Cr2O3   Chromium (III) oxide 
CaO   Calcium Oxide 
TiO2   Titanium dioxide 
K2O   Potassium oxide 
Na2O   Sodium oxide 
MgO   Magnesium oxide 
Mn3O4  Manganese (IV) oxide 
BaO   Barium Oxide 
ZrO2   Zirconium dioxide 
WO3   Tungsten oxide 
N2O   Nitrous oxide 
LOI   Lost on ignition 
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Appendix 
Appendix A 
Engineering Diagrams  
 
Figure A.1:  Engineering sketch of the Polymethylmethacrylate column used for the 
experimental sand pack.  Distances are indicated in mm. 
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Figure A.2:  Engineering sketch of end cap used for the experimental sand pack. 
 
 
Figure A.3: Engineering sketch of injection point and column.  
   178 
Appendix B 
Additional accessories 
Pressure transducers A high-resolution Transmitter Model PDCR 810 S/N 
2416432 (0-1.379 MPa) and Model PDCR 810 S/N 
23908330 (0-0.689 MPa) (Druck Digital) were used to 
measure the differential pressure across the sand-packed 
columns. 
 
Precision balance A balance Model S-6002 (Denver Instruments) with a 
range of 1 × 10
-5
 kg to 6 kg was used to measure the mass 
of the sand-packed columns in different conditions, dry, 
saturated and sliced (accuracy of ± 1 × 10
-5
 kg).  
 
Filter papers/wire mesh A circular piece of wire mesh (opening size 2 × 10-4 m) and 
two circular pieces of filter paper (VWR Int. Filter Papers 
415) were placed between the sand face and the end cap 
to prevent sand production.  
 
Tubing   Clear rigid tube with an inner diameter of 3.175 mm was 
used to connect the pump with the column. 
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Density meter  All fluid density measurements were taken with Anton 
Paar Density Meter DMA 48 which is accurate to 1 kg.m
-3
 
and with repeatability of 0.2 kg.m
-3
.
 
 
 
Metering valve  A backpressure needle valve (pressure shut-off valve) was 
used to increase the operating pressure inside the column 
to enhance initial brine saturation.  The metering valve 
was connected to the upstream line that was used to 
control the effluents. 
 
CO2 cylinder  A CO2 cylinder was used to flush CO2 into the sand-packed 
column for a minimum of 45 minutes prior to any 
experiment.  A CO2 regulator was attached permanently to 
the cylinder.  Main valve, tank pressure gauge, low-
pressure valve, outlet pressure gauge, 3-way outlet 
terminated by needle valves were installed to assist the 
experimental requirements. 
 
N2 cylinder  A high purity oxygen-free N2 cylinder was used to de-air 
fluids.  Brine and n-octane were de-aired for a minimum of 
15 minutes prior to experiments.  This was carried out to 
accomplish an initial brine saturation of 100% and to avoid 
air (which was initially, prior to de-airing, dissolved in the 
liquids) separating out into the air-free system. 
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Appendix C 
Data interpretation 
The data interpretation was aided using the following equations for different 
measurements as appropriate.  In this section, the mathematical formulation applied is 
fully described for every individual parameter. 
Drainage-imbibition interpretation  
Aspect ratio 
The values for the major and minor axis were averaged by computing the arithmetic 
mean and then computing: 
 
axisormin
axismajor
=α        1 
where: 
 α = aspect ratio 
Bulk Volume (VB) 
The bulk volume of each section was measured via mass balance. Each section was 
weighed empty, then sealed with parafilm.  The weight was recorded and the section 
filled with de-ionized water and weighed again.  After measuring the density of the de-
ionized water, VB could be calculated as follows: 
 
w
EF
B
WWV
ρ
−
=        2 
where: 
 VB = bulk volume, m
3
 
 WF = mass of column full of de-ionized water, kg 
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 WE = mass of column empty, kg 
 ρw = density of water, kg.m
-3
 
Pore volume (VP) 
 
s
s
BGBP
mVVVV
ρ
−=−=       3 
where: 
 VP = pore volume, m
3
 
 VG = grain volume, m
3
 
 ms = mass of sand, kg 
 ρs = density of sand, kg.m
-3
 
 
Porosity (φ) 
 
B
P
V
V
=φ         4 
where: 
 φ = porosity, fractional 
 
Permeability (K) 
 
PA
LqK
∆
∆
=
µ
        5 
where: 
 q = flow rate, m3.s-1 
 K = permeability, m2 
 A = cross-sectional area, m
2
 
 P = pressure, Pa 
 L = length, m 
 µ = fluid viscosity, kg.m
-1
.s
-1 
 
The numerical constant to convert permeability from m
2
 to Darcy is 1.0133 × 10
-12
 (1 
Darcy ≈ 10
-8
 cm
2
 = 10
-12
 m
2
).  
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Packing ratio (PR) 
The packing ratio was calculated by using the average of experimental data which was 
obtained from nine experiments.  This was an additional factor to assess the 
reproducibility and the accuracy of the measurements.  
 
B
s
V
mPR =         6 
where: 
 PR = packing ratio, kg.m
-3
 
 
For new sand columns, the mass of sand can be calculated based on the packing ratio 
from Eq. 6 as follows: 
 w
EF
s PR
WW
M ρ




 −
=        7 
where: 
 Ms = mass of sand (new column) based on the packing ratio, kg 
 ρw = density of de-ionized water, kg.m
-3
 
 
Initial water saturation (Swi) 
The mass of the sand fully saturated with brine can be obtained as follows: 
 ( ) swP1 1Vm ρφρφ −+=       8 
where: 
 m1 = mass of sand fully saturated with water, kg 
 
And the mass of the sand fully saturated with water and oil can be calculated as follows: 
 ( )[ ] ( ) sowwwB2 1S1SVm ρφρρφ −+−+=     9 
where: 
 Sw = water saturation, fraction 
 ρo = density of oil, kg.m
-3
 
 m2 = mass of sand fully saturated with water and oil, kg 
 
Subtracting Eq. 8 and 9 results in Eq. 10 as follows: 
   183 
 ( ) ( )[ ]owwwB21 S1S1Vmm ρρφ −−−=−     10 
Therefore, Eq. 11 becomes as follows after rearranging Eq. 10: 
 ( )owB
21
w V
mm1S
ρρφ −
−
−=       11 
The water saturation by volume balance was calculated with Eq. 12: 
 
P
w
w V
V
S collected=        12 
where: 
 Vwater collected  = volume of collected water, m
3
 
 
Residual oil saturation (Sor) 
 wor S1S −=         13 
where: 
 Sor = residual oil saturation, fraction 
 
And by volume difference was calculated with Eq. 14. 
 
P
o
o V
V
S collected=        14 
where: 
 Voil collected   = volume of collected oil, m
3 
 
Residual gas saturation (Sgi) 
 ( )awB
21
gr V
mm1S
ρρφ −
−
−=       15 
where: 
 Sgr = residual gas saturation, fraction 
 ρa = density of air, kg.m
-3 
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Standard deviation (s) 
The standard deviation is estimated as follows [166]: 
 
( )
1N
MX
s
2
−
−
=
∑
       16 
where: 
 s = unbiased estimate of the standard deviation 
 X = measured values 
 M = mean of values 
 N = number of observations 
 
All results are stated in the form (x ± y), y is equal to 1 x s (one standard deviation), and 
comprises 68 percent of all measured values if the values are normally distributed. 
 
Grain size distribution (σ) 
The grain size data is converted to the Wentworth (phi) scale using the following 
equation [160]; 
 dlog 2g =φ         17 
where: 
 φg = grain size on the Wentworth (phi) scale, and d is the grain size 
measured in mm. 
 
A cumulative grain size curve is then plotted and from this the following relationship can 
be calculated: 
 
3
M 845016g
φφφ ++
=       18 
where: 
 Mg = mean grain size, mm  
 φi = corresponds to the particle size for which 16%, 50% and 84% of the 
grains are larger. 
 
For descriptive ease M can be converted back into mm using the following calculation. 
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g2
1M d φ=         19 
where: 
 Md  = mean grain size in mm. 
 
The grain size distribution can be calculated as follows: 
 




 −
+
−
=
3.322
1 5951684 φφφφσ      20 
where: 
 σ = grain size distribution. 
These numbers are used in soil science and so presented here, but we prefer to use the 
raw data measured directly on the sands. 
 
Capillary number (Ncap) 
 
IFT
Ncap
µν
=         21 
 
To calculate the Darcy velocity, use Eq. 22 as follows then substitute into Eq. 21  
 
A
Q
φν =         22 
where: 
 Ncap = capillary number, dimensionless 
 μ = phase viscosity, kg.m
-1
.s
-1
 
 ν = phase velocity, m.s
-1
 
 IFT = interfacial tension, N.m
-1 
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Two-phase data interpretation 
Oil-water system 
Initial oil saturation (Soi ) 
To calculate the molar concentration of the n-octane in a given solution using GC, the 
area under each peak was measured. 
For the oil phase: 
 
o
o
GCO A
a
m =         23 
where: 
 mGCO = moles of octane, mol 
 ao  = area of peak for oil phase from by GC, μV.s 
 Ao   = average area of peak for oil phase from by GC, μV.s 
 
 oGCOGCO MmM =        24 
where: 
 MGCO = mass of octane, kg 
 Mo  = molar mass of octane (C8H18), kg/mol 
 
 
0
GCO
GCO
MV
ρ
=        25 
where: 
 VGCO  = volume of octane, m
3
 
 
For the brine phase: 
 
w
w
GCW A
a
m =         26 
where: 
 mGCW = moles of water, mol 
 aw  = area of peak for water phase from by GC, μV.s 
 Aw   = average area of peak for water phase from by GC, μV.s 
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 wGCWGCW MmM =        27 
where: 
 MGCW = mass of water, kg 
 Mw  = molar mass of water, kg/mol 
 
 
w
GCW
GCW
MV
ρ
=        28 
where: 
 VGCW = volume of water, m
3
 
 
Eq. 25 and Eq. 28 result in Eq. 29 as follows: 
 ( )
GCWGCO
GCO
nw VV
VS
i +
=       29 
where: 
 S(nw)i  = initial non-wetting phase saturation, fraction 
Residual oil saturation (Sor) 
We applied the same computational steps of S(nw)i to calculate S(nw)r as shown in Eq. 30. 
 ( )
GCWGCO
GCO
nw VV
VS
r +
=       30 
where: 
 S(nw)r = residual non-wetting phase saturation, fraction 
 
Gas-water system 
Initial gas saturation (Sgi) 
The mass of sand can be calculated by weighing the recovered sand from each sliced 
section after washing it with de-ionized water and drying as follows: 
 
iii EFs
PTPTM −=        31 
where:  
 Msi = mass of recovered and washed dry sand, kg 
 PTFi = mass of plastic tray full of recovered and washed dry sand, kg 
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 PTEi = mass of plastic tray empty, kg 
 
The grain volume of each sliced section was calculated based on Eq. 31 as follows: 
 
s
s
G
i
i
M
V
ρ
=         32 
 
Adding Eq. 31 and Eq. 32 results in Eq. 33 to calculate the bulk volume of each sliced 
section as follows: 
 
i
i
i
w
s
B
M
V
ρ
=         33 
The porosity of each sliced section could be calculating by subtracting Eq. 32 from Eq. 33 
as follows: 
 
i
ii
B
GB
i V
VV −
=φ        34 
The pore volume for each sliced section can be obtained as follows: 
 ( ) ii1 GBiP VVV −=        35 
 
And by applying Eq. 36, pore volume can be calculated as follows: 
 ( )
w
P
iP
1
2
V
V
ρ
=         36 
where:  
 Vp1 and Vp2 are the pore volumes of each sliced section, m
3 
 
To calculate the mass of the each empty sliced section and its dry sand, Eq. 31 was 
added as follows: 
 ( ) iii sEds MMM +=+        37 
where: 
 ME = mass of empty sliced section, kg 
 Ms+d = mass of empty section and recovered dry sand, kg 
The mass of sand saturated with water and air can be obtained by adding Eq. 36 to Eq. 
37 as follows: 
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 ( ) 2ii Pds2 VMM += +        38 
where:  
 M2 = mass of sand saturated with brine and air, kg 
Finally, the initial water saturation of each sliced section (18 sliced sections) can be 
computed by substituting Eq. 33, Eq. 34 and Eq. 38 into Eq. 39 as follows: 
 ( ) ( )





−
−
−=
owBi
12
wi
i
ii
i V
MM
1S
ρρφ      39 
where: 
 M1 = mass of sliced section fully of sand, brine and air, kg 
The initial gas saturation can be calculated as follows: 
 ( ) ( )ii wigi S1S −=        40 
 
Residual gas saturation (Sgr) 
The same computational procedure of S(nw)i was applied to calculate S(nw)r.  So, residual 
gas saturation can be obtained by using Eq. 42. 
 ( ) ( )





−
−
−=
owBi
12
wr
i
ii
i V
MM
1S
ρρφ      41 
 ( ) ( )ii wrgr S1S −=        42 
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Three-phase data interpretation 
In order to calculate the saturation profiles, the pseudo liquid-density (ρpseudo) was 
introduced. 
 
Initial oil saturation (Soi) 
To calculate ρpseudo, Eq. 25 and Eq. 28 were used to result in Eq. 43 as follows: 
 ( )
( )
ii
ii
i
GCWGCO
GCWwGCOo
pseudo VV
VV
+
+
=
ρρ
ρ      43 
where: 
 ρpseudo= pseudo liquid-density of the octane-brine two phase liquid system in a 
sliced section, kg.m-3 
 
In order to calculate the volume of liquid in each sliced section, the mass of liquid of 
each sliced section needs to be calculated.  Eq. 37 was added to results in Eq. 44 as 
follows: 
 ( ) iii 1dsL MMM += +        44 
where: 
 ML = mass of liquid in each sliced section, kg 
 
Therefore, the volume of liquid can be calculated as follows: 
 
pseudo
L
L
i
i
M
V
ρ
=         45 
where: 
 VLi = volume of liquid in each sliced section, m
3
 
 
To calculate the volume of oil, the volume fraction of oil in the solution needs to be 
calculated.  Eq. 25 was divided by Eq. 28 to obtain Vf as follows: 
 
ii
i
i
GCWGCO
GCO
f VV
V
V
+
=        46 
where: 
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 Vfi = volume fraction of oil in each sliced section. 
 
Thus, the volume of oil can be calculated by multiplying Eq. 45 and Eq. 46 as follows: 
 
iii fLo VVV =         47 
where: 
 Voi = volume of oil in each sliced section, m
3
 
 
Now, the total volume of liquids can be calculated as follows: 
 
iiii wgot
VVVV ++=        48 
where: 
 Vwi = volume of brine in each sliced section, m
3 
 Vgi = volume of air in each sliced section, m
3 
 Vti = total volume of fluids in each sliced section, m
3
 
Finally, Soi of each sliced section can be calculated by dividing Eq. 47 by Eq. 48 giving: 
 ( )
i
i
r
t
O
oi V
V
S =         49 
 
Residual oil saturation (Sor) 
The same steps used to calculate the initial oil saturation were followed to calculate Sor. 
 ( )
i
i
r
t
O
or V
V
S =         50 
 
Initial water saturation (Swi) 
To calculate the volume of water in each sliced section, Eq. 45 was subtracted from Eq. 
46, giving: 
 
iii oLw
VVV −=        51 
 
Then, Swi can be calculated as follows: 
 ( )
i
i
i
t
w
wi V
V
S =         52 
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Residual water saturation (Swr) 
As before we find Swr. 
 ( )
i
i
i
t
w
wr V
V
S =         53 
 
Initial gas saturation (Sgi) 
To calculate the volume of gas in a single sliced section, Eq. 45 was subtracted from Eq. 
35 as follows: 
 
iii LPg
VVV −=        54 
 
Sgi can be calculated by dividing Eq. 54 by Eq. 48: 
 ( )
i
i
i
t
g
gi V
V
S =         55 
 
Residual gas saturation (Sgr) 
Here the calculation follows that for initial gas saturation. 
 ( )
i
i
i
t
g
gr V
V
S =         56 
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Capillary trapping curve interpretation 
Capillary trapping curve (S(nw)r Vs. S(nw)i) 
To plot the capillary trapping curve we use the equations given below. 
 
 For two-phase systems: 
  For oil-water system, use Eq. 30 versus Eq. 29. 
  For gas-water system, use Eq. 42 versus Eq. 40. 
 
 For three-phase systems: 
  Use Eq. 49 versus Eq. 50 for Sor versus Soi 
  Use Eq. 52 versus Eq. 53 for Sw versus Swi 
  Use Eq. 55 versus Eq. 56 for Sgr versus Sgi 
 
Capillary trapping capacity (φS(nw)r versus S(nw)i) 
To plot the capillary trapping capacity curve, multiply the residual non-wetting phase 
saturation by porosity.  Then plot  φS(nw)r versus S(nw)i. 
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Appendix D 
Data for two- and three-phase 
trapping experiments 
Two-phase trapping experiments 
Oil-water system: 
Date Replicate Name 
Replicate 
Number 
BV 
[cc] 
ρbrine 
[g/cc] 
Wc 
[g] 
Wc+s 
[g] 
Wc+s+b 
[g] 
Porosity 
[%] 
24.04.2008 Soi 30ml  1 308.02 1.0360 1129.44 1637.59 1758.15 37.780 
25.04.2008 Soi 30ml  2 306.10 1.0462 1135.31 1637.21 1756.24 37.169 
28.04.2008 Soi 30ml  3 302.30 1.0418 1143.15 1629.66 1746.24 37.017 
01.05.2008 Sor 30ml  1 302.30 1.0491 1116.85 1616.60 1735.26 37.415 
02.05.2008 Sor 30ml  2 306.10 1.0439 1114.06 1619.61 1738.52 37.213 
06.05.2008 Sor 30ml  3 303.68 1.0452 1117.08 1618.89 1741.32 38.572 
08/05/2008 Soi 50ml  1 298.41 1.0436 1122.14 1615.50 1731.20 37.152 
09/05/2008 Soi 80ml  1 297.42 1.0436 1122.72 1614.41 1730.28 37.331 
12/05/2008 Sor 80ml  1 292.22 1.0465 1117.03 1620.55 1735.23 37.501 
13/05/2008 Sor 50ml 1 312.36 1.0441 1105.69 1622.10 1741.59 36.638 
14/05/2008 Soi 50ml 2 294.25 1.0396 1122.99 1609.43 1724.15 37.502 
15/05/2008 Sor 50ml 2 295.62 1.0395 1122.91 1615.67 1727.86 36.509 
16/05/2008 Sor 50ml 3 294.97 1.0398 1123.43 1611.03 1725.66 37.374 
19/05/2008 Soi 50ml 3 293.81 1.0405 1124.94 1610.59 1725.53 37.598 
20/05/2008 Soi 50ml 4 300.82 1.0400 1126.78 1623.97 1739.32 36.870 
21/05/2008 Sor 500ml 1 301.36 1.0400 1054.61 1552.74 1669.33 37.200 
22/05/2008 Soi 500ml 1 302.14 1.0405 1052.67 1552.29 1670.12 37.481 
Table D.1: Measured porosities for two-phase oil-water trapping experiments with 
associated parameters. 
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Gas-water system: 
Date Replicate Name 
Replicate 
Number 
Drainage 
Time 
[hrs] 
BV 
[cc] 
ρbrine 
[g/cc] 
Wc 
[g] 
Wc+s 
[g] 
Wc+s+b 
[g] 
Porosity 
[%] 
08.08.2008 Sgi  1 3.5 314.6 1.0389 1019.1 1538.8 1661.0 37.4 
11/08/2008 Sgi 2 3.5 313.8 1.0394 1019.7 1538.8 1660.2 37.2 
13/08/2008 Sgi 3 3.5 305.6 1.0402 1029.5 1533.6 1653.2 37.6 
14/08/2008 Sgi 4 3.5 301.3 1.0398 1047.2 1545.7 1662.1 37.1 
15/08/2008 Sgr  1 3.5 314.9 1.0389 1034.1 1543.2 1669.2 38.5 
15/08/2008 Sgr  2 3.5 315.9 1.0390 1007.2 1529.7 1651.3 37.0 
Table D.2: Measured porosities for two-phase gas-water trapping experiments with 
associated parameters. 
 
Three-phase trapping experiments 
Drainage time: 17 hours 
 
Date Replicate Name 
Replicate 
Number 
Drainage 
Time 
[hrs] 
BV 
[cc] 
ρbrine 
[g/cc] 
Wc 
[g] 
Wc+s 
[g] 
Wc+s+b 
[g] 
Porosity 
[%] 
03/07/2008 Sgi, Soi 1 17 300.2 1.0295 1056.7 1553.3 1669.8 37.7 
06/07/2008 Sgi, Soi 2 17 306.4 1.0427 1037.4 1545.2 1663.1 36.9 
10/07/2008 Sgi, Soi 3 17 302.2 1.0320 1055.5 1554.6 1669.7 36.9 
15/07/2008 Sgr, Sor 1 17 300.6 1.0407 1056.8 1552.6 1669.6 37.4 
17.07.2008 Sgr, Sor 2 17 300.1 1.0397 1053.8 1558.9 1672.8 36.5 
22/07/2008 Sgr, Sor 3 17 303.1 1.0387 1052.1 1555.8 1673.2 37.3 
28/07/2008 Sgi, Soi  4 17 303.1 1.0406 1053.2 1558.3 1674.4 36.8 
14/08/2008 Sgr, Sor 4 17 301.1 1.0398 1035.8 1533.8 1649.4 36.9 
Table D. 3: Measured porosities for draining time: 17 hours three-phase oil-gas-water 
trapping experiments with associated parameters. 
 
   196 
Drainage time: 2 hours 
 
Date Replicate Name 
Replicate 
Number 
Drainage 
Time 
[hrs] 
BV 
[cc] 
ρbrine 
[g/cc] 
Wc 
[g] 
Wc+s 
[g] 
Wc+s+b 
[g] 
Porosity 
[%] 
04/08/2008 Sgi, Soi 1 2 303.6 1.0395 1050.1 1551.7 1670.5 37.6 
05/08/2008 Sgi, Soi 2 2 303.2 1.0396 1052.2 1558.3 1675.4 37.1 
08/08/2008 Sgi, Soi 3 2 303.1 1.0282 1042.6 1544.3 1660.5 37.3 
11/08/2008 Sgr, Sor  1 2 295.8 1.0394 1052.6 1540.5 1656.6 37.7 
12/08/2008 Sgr, Sor 2 2 295.8 1.0388 1052.9 1542.5 1654.9 36.6 
13/08/2008 Sgr, Sor 3 2 294.2 1.0402 1053.1 1540.3 1653.3 36.9 
14/08.2008 Sgr, Sor 4 2 301.3 1.0410 1047.2 1545.7 1662.1 37.1 
Table D.4: Measured porosities for draining time: 2 hours three-phase oil-gas-water 
trapping experiments with associated parameters. 
 
Drainage time: 0.5 hour 
Date Replicate Name 
Replicate 
Number 
Drainage 
Time 
[hrs] 
BV 
[cc] 
ρbrine 
[g/cc] 
Wc 
[g] 
Wc+s 
[g] 
Wc+s+b 
[g] 
Porosity 
[%] 
05/09/2008 Sgi, Soi 1 0.5 296.4 1.0395 1045.6 1517.1 1634.7 38.2 
19/09/2008 Sgr, Sor 1 0.5 300.3 1.0392 992.38 1489.0 1605.4 37.3 
30/10/2008 Sgi, Soi 2 0.5 300.6 1.0401 1042.2 1516.1 1633.5 37.5 
06/11/2008 Sgr, Sor 2 0.5 297.5 1.0392 1046.4 1536.8 1653.9 37.9 
Table D.5: Measured porosities for draining time: 0.5 hour three-phase oil-gas-water 
trapping experiments with associated parameters. 
